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ABSTRACT

INTRINSIC CHARACTERISTICS OF GALAXIES IN THE
DISTANT UNIVERSE: THE CORRELATION BETWEEN
GALAXY MORPHOLOGY AND STAR FORMATION
ACTIVITY
FEBRUARY 2017
BOMEE LEE
B.Sc., KYUNG HEE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Mauro Giavalisco

One of the major questions in observational cosmology is how galaxies formed and
how they evolved. In particular, understanding the assembly history of galaxies at
the peak epoch of the star formation activity, z ∼ 1 − 3, is a key to understanding the
whole picture of the Universe, but remains uncertain. Galaxies with various physical
properties and morphologies have different formation and evolution histories. As such,
we seek insight into galaxy formation and evolution at z ∼ 1−3 using galaxies selected
from Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)
in this dissertation. First, we investigate the relationship between spectral types and
morphologies using various parametric diagnostics and visual inspections. Our sample
clearly separates into massive, red, and passive galaxies versus less massive, blue,
and star forming ones, and this dichotomy correlates very well with the galaxies’
vi

morphological properties. From this study, we suggest that the backbone of the
Hubble sequence was already in place at z ∼ 2. Second, we explore how the choice
of star formation histories affects estimating galaxy properties by adopting flexible
star formation history models to the fitting of galaxy’s spectrum. The estimation of
galaxy properties is improved using CANDELS observations providing unprecedented
coverage and depths, and using an advanced fitting technique. We find that galaxy
properties, particularly age and star formation rate, are sensitive to the choice of star
formation histories. We also find that using different best-fit star formation histories
leads to significantly different results on the main sequence of star formation. Our
results demonstrate that using the best-fit star formation history for each galaxy is
more appropriate way than using one analytic star formation history model for all
galaxy types. Third, with accurately measured stellar mass and star formation rate,
we study characteristics of galaxies on, above, and below the main sequence. We find
that distinct morphological differences are shown among different galaxy populations
using various diagnostics. On average, as star formation activities decrease, galaxies
become denser having smaller sizes and steeper light profiles at all explored redshifts.
We also show that the compact morphology is not necessary to precede a passivity of
star formation. Our results do not support that gas-rich merging is the key driver to
assemble very compact, massive early-type galaxies observed at z ∼ 2. Instead, we
suggest that compact galaxies simply assemble at very early times and evolve through
in situ star formation to form compact massive, quiescent galaxies without significant
merging events.
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CHAPTER 1
INTRODUCTION

Galaxies are diverse objects, whose nature, structure, and origin are intriguing and
unclear. In order to infer the physical processes related to the formation and evolution
of galaxies, astronomers compare their properties such as star formation rate, stellar
mass, color, and morphology, in a statistical sense at different epochs. Constraints
on physical properties of galaxies, and hence the understanding of how galaxies form
and evolve, are dramatically improved over the last several years thanks to the deep
multi-wavelength photometric and spectroscopic surveys. In particular, significant
improvements are now achieved using large samples of panchromatic images from the
CANDELS (Cosmic Assembly Near-infrared Extragalactic Legacy Survey), having
a coverage of a substantial amount of sky, which results in samples whose size and
dynamic range in mass are about one order of magnitude, or more, larger than in
previous works. This survey enables us to explore the distant Universe, 8 − 11 billion
years ago, which is the peak epoch of star formation and active galactic nucleus
(AGN) activity (Madau & Dickioson, 2014).
The major goal of this thesis is to answer several critical questions remaining in
galaxy formation and evolution: How do galaxies originally form in the Universe and
how do they quench their star formations? What are the intrinsic properties of different galaxies? What physical process drives star formation in galaxies? How are
different properties of galaxies correlated with each other and how do these correlations relate to the evolution of galaxies?
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1.1

Morphological evolution of galaxies out to z ∼ 2

Understanding of physical properties of galaxies in the local Universe is relatively well established. In the classical picture, galaxies can be generally categorized into late-type and early-type galaxies. Late-type galaxies have the active star–
forming structures with flattened, gas-rich, and rotationally supported exponential
disks, while early-type galaxies are more luminous, massive, and quiescent systems
supported by stellar velocity dispersion and have smooth elliptical isophotes with a
so–called “de Vaucouleurs” (or similar) light profile. However, most galaxies are neither a perfect ellipsoid nor a perfect disk, but rather a combination of both. These
diverse morphologies of galaxies in the nearby Universe are well described by the
Hubble Sequence (Hubble et al., 1926). The Hubble sequence is a sequence of various morphologies of galaxies, which correlates with the dominance of galaxy’s central
bulge, surface brightness, and colors, ranging from early-type ellipticals to late-type
spirals (Hubble types). The important aspect of the Hubble sequence is that intrinsic
properties of galaxies, such as luminosity, color, gas content, star formation rate, and
dynamical properties, are broadly correlated with Hubble types (Roberts & Haynes,
1994; Blanton et al., 2003).
In Figure 1.1, the early- and late-type galaxies broadly occupy two distinct regions,
known as the red sequence and blue cloud, respectively, in a color-magnitude (or mass)
diagram (Blanton et al., 2003; Baldry et al., 2004). The red sequence mostly consists
of non-star-forming galaxies with a bulge dominated structure and colors indicative
of an old stellar population. In contrast, galaxies lying in the blue cloud have blue
star-forming stellar populations and mostly disk-like structures. Kauffmann et al.
(2003) found that galaxies selected from the Sloan Digital Sky Survey (SDSS) divide
into two distinct families at a stellar mass of ∼ 3 × 1010 M . At this mass, the fraction
of quiescent galaxies having high surface mass densities and spheroidal morphologies
rapidly increases, suggesting that little star formation occurs in massive galaxies after

2

Figure 1.1: Color-magnitude distributions of a low redshift sample of galaxies from the
Sloan Digital Sky Survey (SDSS). (a): The contours are on a logarithmic scale in number
density, doubling every two levels. (b): Deconvolved and parameterized distributions. The
solid contours represent the red distribution, and the dashed contours represent the blue
distribution. The dotted lines represent galaxies that have similar stellar masses, near the
midpoints of the transitions. [Figure from Baldry et al. (2004) in AIP Conf. Proc.]

they have assembled. The bimodal distribution of the galaxy population is observed
out to z ∼ 1. Using the deep surveys such as COMBO-17 (Bell et al., 2004) and
DEEP2 spectroscopic redshift survey (Faber et al., 2007), the build-up of the red
sequence has been quantitatively demonstrated, while the number density of galaxies
in the blue cloud has remained nearly constant since z = 1 (Bell et al., 2004; Faber
et al., 2007).
There is also a third population, which is transitioning between blue cloud and
red sequence, commonly called “green valley” galaxies. A series of studies in 2007
using the ultraviolet Galaxy Evolution Explorer (GALEX) space-based telescope have
begun to probe the properties of this population (Wyder et al., 2007; Martin et
al., 2007; Salim et al., 2007). Wyder et al. (2007) showed pronounced transition
populations at z ∼ 0.1 using near ultraviolet (NUV)-optical color-magnitude diagram.
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At intermediate redshifts, Salim et al. (2009) showed that there is a smooth transition
from high to low specific star formation rate (SSFR) as the color becomes redder for
z < 1.4 galaxies, indicating that green valley galaxies are not a mix of red and blue
galaxies. Also, Mendez et al. (2011) studied morphologies of green valley galaxies
at z ∼ 1 and found that green valley galaxies are typically disk galaxies with a
compact bulge in the center. All these previous works demonstrate that green valley
galaxies are indeed a transition population having distinct physical properties and
morphologies.
Multiple surveys that used the Hubble Space Telescope (HST) have observed
that the properties of galaxies at z ∼ 1 are broadly consistent with those in the
local Universe (Bell et al., 2004: GEMS, Papovich et al., 2005: HDFN, Cassata et
al., 2007: COSMOS). At z > 1, star-forming galaxies exhibit various morphologies
from smooth disk-like (like late-types in the local Universe) to irregular or clumpy
structures (Conselice et al., 2004, 2008; Lotz et al., 2006; Ravindranath et al., 2006;
Guo et al., 2012), while quiescent galaxies at z ∼ 2 mostly have early-type structures
with spheroidal compact morphology (Daddi et al., 2005; van Dokkum et al., 2008,
2010; Cassata et al., 2010). However, still, the origin of the clear distinction between
the early-type and late-type populations of galaxies remains a central question in
galaxy formation and evolution.
Until recently, most studies of galaxy morphologies at z > 2 have been performed at rest–frame UV wavelengths using optical imagers (such as HST/WFPC2
and HST/ACS). These works have found that irregular or peculiar structures (double
or multiple clumps and distorted structures with extended tails) appear more common and that traditional Hubble types do not appear to be present at these epochs
(Giavalisco et al., 1996a,b; Steidel et al., 1996; Lowenthal et al., 1997; Lotz et al.,
2004; Papovich et al., 2005; Lotz et al., 2006; Ravindranath et al., 2006; Law et al.,
2007; Conselice et al., 2008). This can be generally explained by the fact that UV
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radiation predominantly traces emission from star-forming regions (Dickinson, 2000),
which tends to be more clumped and irregularly distributed than older stellar populations, and also by the fact that quenched galaxies were missing from the optical
images. The rest-frame optical regime is a better probe of the overall stellar distribution in galaxies, but early near–infrared (NIR) observations with HST and NICMOS
of star–forming galaxies at z > 2 from UV selected samples found that their morphology remains generally compact and disturbed also at rest-frame optical wavelengths
and bears no obvious morphological similarities to lower redshift galaxies (Papovich
et al., 2005; Conselice et al., 2008). On the other hand, using 19 spectroscopically
confirmed massive galaxies (> 1010.5 M ), Kriek et al. (2009) showed that galaxies at
z ∼ 2.3 are clearly separated into two classes as a blue cloud with large star-forming
galaxies, and a red sequence with compact quiescent galaxies.
Studies of the morphologies of z ∼ 2 galaxies have advanced using the highresolution NIR Wide-Field Camera 3 (WFC3). Szomoru et al. (2011) found a variety
of galaxy morphologies, ranging from large, blue, disk-like galaxies to compact, red,
early-type galaxies at z ∼ 2 with 16 massive galaxies in the Hubble Ultra Deep Field
(HUDF). Cameron et al. (2011) also studied the rest-frame UV and optical morphologies with 1.5 < z < 3.5 galaxies determined by the YHVz color-color selection in the
HUDF and the Early Release Science (ERS) field, and confirmed Kriek et al. (2009)
and Szomoru et al. (2011) by showing, in particular, the presence of regular disk
galaxies, which have been missing in previous studies, either because they are not
detected at the available sensitivity or because their appearance is irregular at restframe UV wavelengths. The results from these studies can be generally interpreted as
possible evidence of the general correlations between spectral types and morphology
that today define the Hubble Sequence at z ∼ 2, at least among the brightest galaxies
at that epoch.
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This evidence leads us to ask, How does a galaxy evolve from a late-type spiral
to an early-type elliptical? At z < 1, there is a general consensus that the majority
of massive early-type galaxies (M > 1011 M ) were already in place at z ∼ 0.8,
with number densities comparable to those of local galaxies (Cimatti et al., 2002;
Im et al., 2002). Interestingly, at z ∼ 2 − 3, massive and compact galaxies, which
are already quenched early-type galaxies, are also observed (Cimatti et al., 2004;
Daddi et al., 2005; Trujillo et al., 2006, 2007; van Dokkum et al., 2008; Cassata
et al., 2008; Valentinuzzi et al., 2010; Cassata et al., 2010). In order to become
such compact quiescent galaxies observed at z > 2, larger star-forming galaxies are
required to shrink their size and create compact bulges within short time scales. There
is some evidence from recent empirical studies indicating that quenching mechanisms
in galaxies can be broadly classified by the timescales on which they operate; namely,
fast track and slow track quenching (Fang et al., 2012, 2013; Barro et al., 2013; Dekel
& Burkert, 2014; Schawinski et al., 2014). The Slow track quenching appears to
be dominant at low redshifts or later stages of galaxy evolution because it happens
when star formation gradually vanishes over several Gyrs probably due to a slow gas
exhaustion at a critical halo mass,∼ 1012 M , without a disruptive external trigger
such as major merging (Fang et al., 2013; Schawinski et al., 2014). As a galaxy on the
slow track becomes redder, the inner part of that galaxy becomes denser while the
outer disk fades away, and it subsequently moves to the red sequence as quenching
its star formation. On the other hand, the fast track quenching is a rapid process
occurring with time-scales less than 1Gyr. The gas reservoir of a gas-rich star-forming
disk is destroyed by an intensive triggering event such as a merger-induced starburst
or direct accretion of cold gas via violent disk instabilities (VDI) (Dekel et al., 2009b;
Genzel et al., 2011). Then, the gas disks rapidly transform their morphologies into an
early-type, and immediately quench star formation via stellar feedback from high starformation itself (Diamond-Stanic et al., 2012) by stellar winds (Rupke et al., 2005;
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Heckman et al., 2011) and via both supernova ram pressure and radiation pressure
on dust grains (Murray et al., 2005), to become massive, compact quiescent galaxies.
The fast track quenching has been known to be dominant at early times and proposed
as a mechanism of the formation of high redshift massive compact quiescent galaxies
(van Dokkum et al., 2008; Barro et al., 2013; Muzzin et al., 2013). Some of these
quiescent galaxies continuously grow their size inside-out (van Dokkum et al., 2010)
by minor mergers and become larger early-type galaxies observed today.

1.2

The correlation between star formation rate and stellar
mass

Over the last decade, the strong correlation between star formation rate (SFR)
and stellar mass (M*) of star-forming galaxies has been actively studied out to z ∼ 4
(z < 1: Noeske et al., 2007, z ∼ 2: Daddi et al., 2007; Panella et al., 2009; Rodighiero
et al., 2011, Whitaker et al., 2012b, Lee et al., 2015, z > 2 − 3: Panella et al., 2015;
Schreiber et al.. 2015; Tomczak et al.. 2016, z > 4: Salmon et al., 2015), and this
correlation provides fundamental information of the mass build-up of a galaxy. Since
the first discovery from Noeske et al. (2007), this correlation is commonly called
the “main sequence” (MS) of star formation as shown in Figure 1.2. The MS is
generally described with a single power-law, SFR∝ M β with β = 0.7 − 1.0, and
the normalization of the MS moves to higher SFR as redshift increases. A common
interpretation of the MS is that the location of galaxies relative to the MS follows
different time evolution of SFR (Renzini, 2009; Daddi et al., 2010; Rodighiero et al.,
2011; Sargent et al., 2012; Renzini & Peng, 2015). The tight MS with near unity slope
reflects that the majority of star-forming galaxies follow a steadily increasing star
formation history governed by a set of gradual physical processes like gas exhaustion
(Noeske et al., 2007), while a small fraction of galaxies exhibit quasi-exponential
mass and SFR growth in major merger or in the densest star formation regions and
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Figure 1.2: SFR vs. M∗ for galaxies at 0.2 < z < 1.1 in the Extended Groth Strip. There
is a distinct sequence formed by star-forming galaxies (open and filled blue circles), and
galaxies with little or no star formation lie below this sequence. Red circles show the
median of log(SFR) in mass bins for MS galaxies. Red lines include 34% of the MS galaxies
above and 34% below the MS, i.e. ±1σ of the MS. [Figure from Noeske et al. (2007)]

might produce strong bursts of star formation (Elbaz et al., 2011; Sargent et al.,
2012). Typical galaxies spend most of their time on the MS prior to additional
quenching processes, but these starburst galaxies are located above the MS and play
a relatively minor role in the star formation history of the Universe (Rodighiero et
al., 2011). Galaxies located below the MS are not only the red quiescent galaxies
without star formation mostly having spheroidal-like structures but also star-forming
galaxies with little SF activity. The Milky Way galaxy (MW) is a good example of
a star-forming galaxy located below the MS, which is a star-forming barred spiral
galaxy observed today with a very low SFR, SF R ∼ 1M /yr. At the same time,
transient galaxies, such as those in the green valley, can dominate the lower region
of the MS. At z < 1, green valley galaxies are known to be off the MS (Schawinski
et al., 2014) and they have intermediate morphologies combining disk-dominated and
bulge-dominated systems (Salim et al., 2009; Mendez et al., 2011).
Based on the existence of the tight MS and the different galaxy populations relative to the MS, Renzini (2009) proposed that diverse behaviors of galaxies on the
SFR-M∗ plane are related to galaxy morphologies, and that studying these relations
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can help us to understand the origin of the dichotomy between disk-like star-forming
galaxies and spheroidal quiescent galaxies. Above all, we need to constrain the intrinsic shape of the MS for detailed studies of all galaxies located at the various
positions on the SFR-M∗ plane. It is a general conclusion that at all the explored
redshifts, the MS follows a single power-law with a constant dispersion < 0.4dex at
all masses and the normalization of the MS changes with redshifts, SFR indicators,
sample selections, and initial mass function. Speagle et al. (2014) reported that the
sample selections and other systematic uncertainties can significantly affect the slope
of the MS through the extensive compilation of 64 measurements of the MS from
25 literature references using different SFRs, stellar masses and different samples
with different fitting methods out to z ∼ 6. Recently, several studies found that
the MS slope dramatically declines for massive galaxies, and that, therefore, a single
power-law cannot explain the MS slope, and a more complicated formula is necessary
(Karim et al., 2011; Whitaker et al., 2011, 2014; Lee et al., 2014; Schawinski et al.,
2014; Tomczak et al., 2016). There is another evidence that the stellar mass above
which the MS flattens evolves with redshifts (Lee et al., 2015; Tomczak et al., 2016).
However, Renzini & Peng (2015) newly defined the MS as the ridge line of the SF
peak in the 3D SFR-mass-number plot without a pre-selection of SFGs at z ∼ 0
and found that the best MS slope can is explained with a single power law without
a bending of the MS at high masses. It is evident that the robust characterization
of the MS with careful sample selections, accurate estimations of M∗ and SFR, and
better fitting methods are crucial.

1.3

Formation of massive quiescent galaxies at z > 1

Deep multi-wavelength surveys like CANDELS have provided a tremendous amount
of new observational data for a large sample of galaxies over the last few years. These
surveys enable us to explore the Universe at redshifts z = 1−3, the peak epoch of star
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Figure 1.3: The history of cosmic star formation from FUV (top right), IR (bottom right)
and FUV+IR (left) rest-frame measurements. [Figure from (Madau & Dickioson, 2014)]

formation and AGN activity (Madau & Dickioson, 2014), and very likely the epoch
when the Hubble sequence formed (Kriek et al., 2009; Wuyts et al., 2011; Szomoru
et al., 2011; Lee et al., 2013) [see Figure 1.3]. This peak in the star formation rate
density of the Universe signals a transition in the mode of galaxy evolution, from
the early universe galaxies, form stars rapidly, presumably due to an abundance of
cold gas, to an epoch of less star formation and more passive evolution. At the peak
epoch, star-forming galaxies are a dominant, having star formation rates of tens to
a few hundred M yr−1 and contribute a large fraction of the cosmic star formation
rate and stellar mass density (Daddi et al., 2007; Grazian et al., 2007; Reddy et al.,
2009; Ly et al., 2011; Rodighiero et al., 2011; Guo et al., 2012). Indeed, a number
of studies have reported the emergence of massive compact quiescent galaxies (QGs)
by z ∼ 2 − 3 (Cimatti et al., 2004; Trujillo et al., 2006, 2007; van Dokkum et al.,
2008; Cassata et al., 2008, 2010). Their number density increases rapidly, by a factor
of five, after z ∼ 1, and they are up to five times more compact in size than local
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ones with similar stellar masses (Cassata et al., 2011, 2013). However, ellipsoidal,
compact red QGs are morphologically very dissimilar from their more extended disky
star-forming counterparts (Kriek et al., 2009; Cassata et al., 2011; Guo et al., 2012;
Cheung et al., 2012; Szomoru et al., 2011; Lee et al., 2013).

Figure 1.4: The fraction of quiescent galaxies at z < 1 as a function of their stellar masses
and overdensities (environment). Nearly all galaxies at high masses are quenched, and
nearly all galaxies in high density regions are quenched, indicating two distinct quenching
processes: mass quenching (internal process) and environment quenching (external process).
[Figure from Peng et al. (2010)]

Quenching appears to be tied to morphological transitions, but this process is very
poorly understood. Several quenching mechanisms have been proposed to explain the
formation of QGs. In general, very compact and massive galaxies are thought to be a
result of a highly dissipative process, either gas-rich mergers (Springel et al., 2005a;
11

Hopkins et al., 2006, 2008; Wuyts et al., 2010) or direct accretion of cold gas driven by
violent disk instabilities (VDI; Dekel et al., 2009; Genzel et al., 2011) in a compact disk
or by gas traveling directly to the galaxy center and forming stars in–situ (Johansson
et al., 2012). Quenching of the star formation subsequently takes place late when the
gas supply is halted. Simulations suggest that in dark matter halos more massive than
≈ 1012 M , the gas heated by Virial shocks allows cold streams to penetrate the halo,
shutting off the gas supply, preventing further SF (Dekel & Birnboim, 2006; Birnboim
et al., 2007), and hence leading the formation of a massive compact QG. Additional
feedback mechanisms from the star–formation itself (Diamond-Stanic et al., 2012)
and active galactic nuclei (Hopkins et al., 2006) or supernovae winds (Springel, 2005;
Cox et al., 2006) can also contribute to suppressing the accretion of cold gas. On the
other hand, Peng et al. (2010) found two distinct processes of mass quenching and
environment quenching by exploring the simple inter-relationships between mass, star
formation rate, and environment of galaxies since z ∼ 1. In Figure 1.4, the fraction
of quiescent galaxies is about one at the highest stellar masses and/or in the highest
density regions. The separability of the effects of mass and environment suggests
that there are two independent processes operating. Mass quenching is thought to
be an internal process related to mass and suggests that a transition from a disk to
a spheroid may be sufficient to stabilize the gas disk, thus quenching star formation
effectively also in less massive halos (< 1012 M ) (Martig et al., 2009). Environmental
quenching (Peng et al., 2010, 2012) is considered to be an external process, which
affects star formation of galaxies, such as the ram-pressure stripping (Quilis et al.,
2000), tidal stripping (Dekel&Woo, 2003), harassment (Moore et al., 1999), and gas
strangulation (Peng et al., 2015).
In contrast to massive compact quiescent galaxies, some proposed that a significant fraction of quiescent galaxies at z > 2 are actually compact rotating disks (van
der Wel et al., 2011; Bruce et al., 2012). The presence of passive disks seems incon-
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sistent with a classical model, in which galaxy morphology transforms from a disk
into a spheroid followed by quenching of star formation as a galaxy evolves. However,
recently observed passive disks at z > 2 were predicted by hydrodynamic simulations
(Keres et al., 2005; Dekel & Birnboim, 2008) which show that these structures form
when cold gas inflows are halted, thus quenching star formation without transformation of morphology. Consistent with this scenario, Willams et al. (2014) argued that
compact galaxies simply assemble at very early times and evolve through in–situ star
formation by studying morphologies and volume densities of massive early-type galaxies at z ∼ 2 and those of compact star-forming galaxies at z > 3. Moreover, using
semi-analytic models, Brennan et al. (2015) found that the fractions of atypical galaxies (star-forming spheroids and quiescent disks) are non-negligible and stay constant
at 0 < z < 3, and showed that these atypical galaxies follow different evolutionary
paths compared to major populations, star-forming disks and quiescent spheroids.
The existence of such atypical galaxies suggests that the physical mechanism responsible for quenching star formation may be distinct from the process responsible for
the morphological transformation. Therefore, in principle, one should study the morphologies of galaxies in different star formation regimes to constrain the dominant
quenching mechanism and solve the puzzle of galaxy evolution.

1.4

An estimation of galaxy properties using spectral energy
distribution (SED) fitting

In order to understand galaxy formation and evolution, it is crucial to know precise
physical properties of galaxies such as stellar mass, star formation rate and galaxy
age. These fundamental properties of a galaxy are encoded in its spectral energy
distribution (SED). Therefore, fitting broad-band photometry has been the most
readily available probe of galaxy properties, even though the extraction of information
from photometry has been often affected by oversimplified assumptions. SED fitting is
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a comparison of a set of model templates (Stellar Population Synthesis (SPS) models)
with the observed galaxy SED (Gawiser, 2009; Walcher et al., 2010 for reviews) to
extract information on the physical properties of galaxies including stellar mass, SFR,
metallicity, dust obscuration, age, and constraints on star formation history.
Although it is common to fit ultraviolet (UV), optical, and near-IR SEDs with
galaxy models in analyzing various galaxy populations over a wide redshift range
(Sawicki & Yee, 1998; Popovich et al., 2001; Acquaviva et al., 2011; Guo et al.,
2012a and more), there are quite a large degree of uncertainties since fitting SEDs
intrinsically relies on galaxy models based on assumptions including stellar initial
mass function (IMF), chemical composition and its evolution, dust-attenuation law,
and star formation histories. Different assumptions lead to different results. – for
example, Papovich et al. (2001) studied the effects of IMF, Conroy et al. (2009) also
studied the effects of the IMF and metallicity evolution, Conroy (2013) reviewed the
issues of those assumptions on the SED fitting in detail. Furthermore, there are
large number of available SPS codes, including PEGASE (Fioc & Rocca-Volmerange,
1997), Maraston ((Maraston, 1998, 2005), GRASIL (Silva et al., 1998), Starburst99
(Leitherer et al., 1999; Vázquez et al., 2005), GALAXEV (Bruzual & Charlot 2003
(BC03), Charlot & Bruzual 2010), and GALEV (Kotulla et al., 2009). The scatter
among the estimations of different SPS models is another significant source of systematic uncertainty (Maraston et al., 2006; Kannappan & Gawiser, 2007; Conroy &
Gunn, 2010).
The parameterization of the star formation history (SFH) is one of the most
important assumptions when fitting a model. In general, it would be ideal to measure
the real SFH of a galaxy, rather than assuming the analytic function for it. However,
due to the complexity of the real SFH, the SED fitting depends on SFH model with
a simple functional form. There are limitations in using SFH models: the degeneracy
between SFHs and other properties of galaxies such as dust extinction, metallicity,
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and redshift, as well as the outshining effect that light from massive, young stars
dominates the observed SEDs and outshines the old stellar populations. Despite these
limitations, the most commonly used SFH model is an exponentially decreasing star
formation history, tau model. The properties of remote spheroidal quiescent galaxies
and low redshift galaxies (including local spiral galaxies) are known to be reproduced
well using the tau model (Wuyts et al., 2009; Bell & de Jong, 2000) because they
clearly formed stars at a higher rate in their past than at the epoch of observation.
However, using mock star-forming at z > 2, Lee et al. (2009) and Wuyts et al. (2009)
showed that the tau model cannot recover intrinsic values of star-forming galaxies.
Nevertheless, many studies are still using the tau model for all types of galaxies,
including actively star-forming galaxies, in the high redshift universe for convenience,
even though they do not necessarily show signs of star formation decline.
Recently, several studies have argued, either with observations (Maraston et al.,
2010; Popovich et al., 2011; Reddy et al., 2012; Pacifici et al., 2013) or with simulations
(Lee et al., 2010; Pforr et al., 2012; Behroozi et al., 2013b), that the increasing SFH
is a more appropriate model for star-forming galaxies, especially at z >
∼ 2. Lee et
al. (2010, 2014) proposed that rising star formation histories recover the properties
of Lyman Break Galaxies (LBGs) better than the tau model. Popovich et al. (2011)
suggested a need for rising SFHs (at least on average) to explain the evolution of
the UV luminosity function. Reddy et al. (2012) found that properties of galaxies at
z > 2 appear to be inconsistent with the forming stars following the tau model or
constant SFH prior to the epoch of the observation. Using simulated galaxies at z ∼ 2,
Pforr et al. (2012) concluded that no SFH can provide an accurate determination of
stellar mass, star formation rate, and dust reddening, but the exponentially increasing
SFH recovers the galaxy properties better than the tau model for z > 2 star-forming
galaxies. Pacifici et al. (2013) studied SFHs of star-forming galaxies at 0.2 < z < 1.4,
and found that star formation activity rises more rapidly at high redshifts, implying
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that the tau model may not be suitable in constraining the physical properties of
star-forming galaxies.
The basic conclusion of these SFH analyses is that various SFH models should
be used to investigate diverse galaxy populations (Conroy 2013). In this regard,
several authors suggested different SFH parameterizations. Lee et al. (2010) proposed
the delayed SFH (linearly increasing at early time, then exponentially decreasing
after t = τ ) having a form of SF H ∼ t × exp(−t/τ ). Behroozi et al. (2013b)
presented new fitting formulae for galaxy SFHs: a hybrid of the exponential decline
and power law rise for high redshifts, and τ -related double power law valid for all
redshifts. Simha et al. (2014) suggested a four-parameter model, a combination of
delayed exponential and linear ramp at some transition times, to represent the SFHs
of galaxies using smoothed particle hydrodynamics simulations. Recently, Cassará
et al. (2016) allowed an ample choice of SFHs using 28 different SFHs based on
the Schmidt law, parameterized by gas infall timescale and star formation efficiency.
Furthermore, Pacifici et al. (2012) provided a library of SFHs drawn from semianalytic models, not using the parameterized SFHs. Still, there are pros and cons
of using analytic SFHs with some unknown parameters and a library of SFHs drawn
from the theoretical models of galaxy formation. For example, analytic SFHs are
too restricted (i.e. oversimplified) and, eventually, lead to biased results. Otherwise,
with any SFH libraries, the results can be sensitive to the choice of priors, which is
also hard to be quantified correctly. This makes it more difficult to derive sensible
physical properties than analytic SFHs.
To understand the nature of a galaxy, accurate estimation of physical properties
of a galaxy must precede the analysis of galaxy properties. Within our current understanding, the best way to measure the galaxy properties from SED fitting is to
fit multi-wavelength photometry (many wavelengths as possible from UV to IR) with
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models using physically appropriate SFHs for individual galaxies by allowing various
SFHs.

1.5

Thesis Overview

As outlined in the previous sections, many observational and theoretical issues
remain to complete our understanding of galaxy formation and evolution. Our goal
in this thesis is to answer some crucial questions at the peak epoch of star formation
activity, z = 1 − 4, using CANDELS observation providing unprecedented coverage
and precision. In Chapter 2, we discuss the state of the assembly of the Hubble Sequence in the mix of bright galaxies at redshift 1.4 < z ≤ 2.5 (Lee et al., 2013, ApJ,
774, 47). From the investigation of the relation between the star formation properties and galaxy morphologies using various parametric diagnostics, we show that our
sample clearly separates into massive, red and passive galaxies versus less massive,
blue and star forming ones, and this dichotomy correlates very well with the galaxies’
morphological properties. Our results indicate that the Hubble sequence was already
in place at z ∼ 2. In Chapter 3, we investigate the impact of a choice of star formation histories on the spectral energy distribution fitting using Markov Chain Monte
Carlo code based on Bayesian statistics. Comparisons of galaxy properties using five
different star formation history models show that stellar masses are robust, while
other properties are sensitive to the choice of star formation histories. In particular,
we identify the best-fit star formation history for individual galaxies at 1 < z < 4
and find that galaxies having different best-fit star formation histories show distinct
behaviors in stellar mass, redshift, and galaxy morphology. We also find that the different best-fit star formation histories are closely correlated with the relation between
star formation rate (SFR) and stellar mass (M∗ ). The analysis of star formation histories demonstrates that the best-fit star formation history of each galaxy is a better
assumption than one analytic model for all types of galaxies. In Chapter 4, we study
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intrinsic properties of galaxies in the SFR–M∗ diagram at 1.2 < z < 4 with a large
sample of galaxies selected from CANDELS to test the idea that galaxies on, above,
and below the star-forming main sequence (MS) follow very different time evolution
of their star formation. With robust estimations of M∗ and SFR from Chapter 3, we
are able to constrain the MS accurately and classify galaxies into four populations
relative to the MS that we find have distinct morphologies. We discuss properties of
these four populations linking to galaxy evolution in detail. Our morphological analysis in the SFR-M∗ diagram indicates that transformation to a compact morphology
does not precede quenching of its star formation, but star formation quenching is
related to stellar masses. Moreover, we demonstrate that the gas-rich merging is not
the main driver to assemble very compact, massive early-type galaxies observed at
z ∼ 2. Lastly, In Chapter 5, we conclude this thesis with a summary of our findings
and future work which may improve our understandings of galaxy evolution further.
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CHAPTER 2
THE CORRELATION BETWEEN GALAXY
MORPHOLOGY AND STAR FORMATION ACTIVITY
AT z ∼ 2

2.1

Introduction

Massive galaxies in the nearby universe are well described by the Hubble sequence,
which is a sequence of various morphologies of galaxies, broadly correlated with star
formation rate and dynamical properties (Roberts & Haynes, 1994; Blanton et al.,
2003). In the classical picture, late-type spiral galaxies are active star-forming structures with disk-like structures or irregulars, while early-type galaxies are quiescent
systems having smooth elliptical isophotes. The location of a galaxy along the Hubble
sequence is closely related to its formation and evolution. However, the key question
of how and over what time–scale the Hubble Sequence has formed remains unanswered. At a basic level, exploring the origin of the Hubble sequence can simply be
done by investigating whether high-redshift galaxies have distributions of morphological types (early- and late-type) and star-forming properties that resemble those in
the nearby universe. Although it is suggested that the properties of galaxies at z ∼ 1
are broadly consistent with those in the local universe (Bell et al., 2004; Papovich
et al., 2005; Cassata et al., 2007), it is still uncertain whether Hubble sequence is
observed at z > 1.
Morphological studies of galaxies at z > 2 using HST/WFPC2 and HST/ACS
found that irregular or peculiar structures appear more common, and traditional
Hubble types do not appear to be present at these epochs (Giavalisco et al., 1996a,b;
Steidel et al., 1996; Lowenthal et al., 1997; Lotz et al., 2004; Papovich et al., 2005; Lotz
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et al., 2006; Ravindranath et al., 2006; Law et al., 2007; Conselice et al., 2008). This
is generally because most of those works are performed with images taken at the restframe ultraviolet (UV) wavelengths, mostly tracing emission from the star-forming
regions (Dickinson, 2000), which tend to be clumpy and irregularly distributed. However, Kriek et al. (2009) showed that 19 spectroscopically confirmed massive galaxies (> 1010.5 M ) at z ∼ 2.3 are clearly separated into two classes as a blue cloud
with large star-forming galaxies, and a red sequence with compact quiescent galaxies.
Moreover, recent works using the high-resolution NIR Wide-Field Camera 3 (WFC3)
found a variety of galaxy morphologies, ranging from large, blue, disk-like galaxies to
compact, red, early-type galaxies at z ∼ 2 using less than 20 galaxies (Szomoru et al.,
2011; Cameron et al., 2011). But, the most important limitations of these works are
that they are based on very small samples, which are not statistically significant and
not homogeneously selected, and their morphological analysis is restricted to only
Sérsic profile fitting or visual classifications.
Recent panchromatic surveys such as CANDELS hold the promise of significant
progress in investigating galaxy structures at high redshift because they combine
sensitive HST morphology at rest-frame UV and optical wavelengths with the depth
and accuracy of space–borne photometry. Wuyts et al. (2011) showed that specific
star formation rate (SSFR) and Sérsic index are strongly correlated since z ∼ 2.5.
Although the Sérsic index, measured by fitting a single Sérsic profile to a galaxy, is
the most common approach to analyzing galaxy morphology, it is also useful to study
morphologies with non-parametric measures such as Gini (Abraham et al., 2003),
M20 (Lotz et al., 2004), multiplicity (Ψ) (Law et al., 2007) and CAS (Abraham et
al., 1996, Conselice et al., 2003) since not all galaxies are described by smooth and
symmetric profiles. In a recent CANDELS paper, Wang et al. (2012) used Gini (G),
M20 and visual classifications to identify a correlation between morphologies and
star-formation status at z ∼ 2, so that they showed two distinct populations, bulge-
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dominated quiescent galaxies and disky or irregular star-forming galaxies, only using
massive galaxies (M > 1011 M ).
In this chapter1 , we extend previous results using a statistically significant sample
(1,671 galaxies) down to a lower mass limit (M > 109 M at z ∼ 1.4 and 1010 M at
z ∼ 2.5, specifically for passive galaxies) and using various morphological parameters
(non-parametric diagnostics including G, M20 , Ψ, Concentration (C) and Asymmetry
(A) and the parametric Sérsic light profiles, characterized by the Sérsic index (n)
and half-light radius Re ), as well as visual inspections.
The combination of high–angular resolution and sensitivity afforded by the HST/ACS
and WFC3 images with the relatively large size of the sample allows us to probe in
a statistical fashion the correlations between galaxy structures and star-formation
activity at z ∼ 2, i.e. the epoch when the cosmic star–formation activity reached
its peak, to their counterparts in the local universe. The structure of this chapter
is as follows. The optical and infrared data and selection of our galaxy sample are
introduced in Section 2.2. The rest-frame color and mass distributions are described
in Section 2.3. We present the analysis of galaxy morphologies in the rest-frame optical using the distribution of non-parametric approaches, as well as Sérsic index and
half-light radius in Section 2.4. Comparison with galaxies from the local universe is
shown in Section 2.5 and the comparisons between rest-frame UV and rest-frame optical morphologies are presented in Section 2.6. We discuss our results by comparing
with other studies in Section 2.7. Finally, we conclude this chapter with a summary
of our results in Section 2.8.
1

This chapter is published as Lee et al. (2013).
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2.2

Data and Sample Selection

All the data used in this work come from the observations acquired during the
GOODS (Giavalisco et al., 2004) and CANDELS (Grogin et al., 2012; Koekemoer et
al. 2012) projects in the GOODS–South field, including both space–born (Chandra,
Hubble and Spitzer) as well as ground–based (VLT) data. The CANDELS HST
observations, including the details of the data acquisition, reduction and calibration,
source identification and photometry extraction, are thoroughly described elsewhere
(see Grogin et al., 2012; Koekemoer et al. 2012; Guo et al., 2013); here we briefly
review key features of the WFC3 images that are relevant to this work. The HST
component of CANDELS consists of a Multi-Cycle Treasury program to image five
distinct fields (GOODS-North and -South, EGS, UDS and COSMOS) using both
WFC3 and ACS. The whole project is organized as a two–tier Deep+Wide survey.
The CANDELS/Deep survey covers about 125 square arc minutes to ∼ 10-orbit depth
within GOODS-North and -South (Giavalisco et al., 2004) at F105W(Y), F125W(J)
and F160W(H), while the Wide survey covers a total of ∼ 800 square arc minutes
to ∼ 2-orbit depth within all five CANDELS fields. In this study, we use the 4epoch ( about 2 orbits) CANDELS F160W(H-band) imaging that covers about 115
square arc minutes (∼ 2/3 of the whole GOODS-S) including the GOODS-S deep
region, plus the ERS (Windhorst et al., 2011). This survey has a 5σ limiting depth
of HAB = 27.7, and a drizzled pixel scale of 0.06”. A number of photometric catalogs
exist based on CANDELS data, and here we use one where sources have been detected
using the package SExtractor (Bertin et al., 1996) in the WFC3 H–band images, and
multi–wavelength photometry has been obtained using a software package with an
object template-fitting method (TFIT, Laidler et al. 2007). This catalog includes
photometry from the HST/ ACS and WFC3 images in the BVizYJH bands; from
VLT/VIMOS U and VLT/ISAAC Ks images; and from the Spitzer/IRAC images at
3.6, 4.5, 5.8 and 8.0 µm (Guo et al. 2013).
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We identify galaxies at 1.4 < z ≤ 2.5 with a broad range of star–formation properties, from passive to star forming, and with different levels of dust obscuration using photometric redshifts and SSFR estimated by fitting the CANDELS broad-band
rest–frame UV/optical/NIR spectral energy distribution (SED) to spectral population synthesis models (hereafter, SED sample). Additionally, for comparison, we also
select samples of galaxies using the BzK technique, a color selection based on the
(B-z) vs. (z-K) color-color diagram, widely used to identify galaxies at z ∼ 2 relatively independently of their star–formation activity and dust obscuration properties
(Daddi et al., 2004, 2007). While characterized by some contamination by AGNs and
low–redshift interlopers, as well as incompleteness to very young and dust–free star–
forming galaxies (see Daddi et al. (2004)), the BzK selection is overall quite effective
and particularly economic in that it only requires the acquisition of three photometric bands. In contrast, the SED selection is observationally much more expensive
because it requires a large number of photometric bands to yield robust photometric
redshifts as well as robust measures of the stellar population properties, i.e. stellar
mass, star–formation rate, dust obscuration and age of the dominant stellar population. For the same reason, however, it is less prone to the effects of photometric
scatter and characterized by a higher degree of completeness than the BzK criterion.
In view of the fact that in CANDELS the two GOODS fields have deeper and fully
panchromatic images relative to the other fields of the survey, here we use the SED
sample as our primary data set for our study, and compare it with the BzK sample
to test if they yield similar conclusions about the general morphological properties
of the galaxies mix at z ∼ 2. Such a comparison, which at this level of sensitivity
can only be made in the GOODS fields, is particulary useful for those other fields
where data for selecting galaxies by means of SED fitting are not available or do not
have sufficient wavelength coverage and/or sensitivity for accurate results. In our
particular case, since the BzK sample is bsed on the ground–based K-band images,
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which are significantly shallower (5σ limiting magnitudes of Ks=24.4) than the WFC3
images, the depth, and hence the size, of the sample is smaller than the SED one.
However, since the efficiency and simplicity of the BzK selection criteria offer a distinct
advantage in other fields of the CANDELS survey, where the rich complement of
photometry of the GOODS–South field is not available, the knowledge of the relative
performance and possible limitations of both selection criteria will be very useful.

2.2.1

The Galaxy Mix at z ∼ 2: Photometric Redshift and SED–fitting
selection

Measures of the stellar mass, star–formation rate, dust obscuration and age of
the dominant stellar population have been obtained by Guo et al. (2013) using the
TFIT panchromatic catalog of the GOODS–South field (see also Guo et al. 2011,
2012, where key results and features of the SED fitting have been discussed). Prior
to carrying out the SED fitting, photometric redshifts have been measured for all
galaxies from the 13–band UBVizYJHKsI1 I2 I3 I4 photometry using the PEGASE 2.0
spectral library templates (Fioc & Rocca-Volmerange, 1997), as well as the available
sample of 152 spectroscopic redshifts (about 4% of our final sample) as a training
set. In the redshift range considered here the CANDELS photometric redshifts are
of good quality, as verified by comparing them against available spectroscopic ones.
This comparison yields a mean and scatter ( 1σ deviation after 3σ clipping) in our
photometric redshift measurement of 0.0005 and 0.03, respectively.
The properties of the dominant stellar populations are subsequently derived by
fitting the observed SED to the spectral population synthesis models by fixing the
redshift to the photometrically derived value and using the redshift probability function, P (z), to calculate the errors from a Monte Carlo bootstrap. The multi–band
photometry is fit to the updated version of the Bruzual & Charlot (2003) spectral
population synthesis library with a Salpeter initial mass function. We use either a
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constant star formation history or an exponentially declining one (e−t/τ ), depending
on which functions result in a smaller χ2 with the data. The Calzetti law (Calzetti
et al., 2000) is used for the dust obscuration model together with the Madau (1995)
prescription for the opacity of Inter galactic medium (IGM) (see Guo et al. 2013 for
a full description of the procedure). In the redshift range 1.4 < z ≤ 2.5, arbitrarily
(but inconsequentially) chosen to reproduce that of the BzK selection criteria (see
Daddi et al. (2007)), the photo–z plus SED fitting procedures yield 3,542 galaxies
with signal to noise ratio in the H-band (S/N )H > 10 (hereafter, SED sample).
Star–forming and passive galaxies are defined based on the measure of the SSFR,
namely the ratio of the star–formation rate to the stellar mass. Specifically, we define
passive galaxies as those with SSF R < 0.01 Gyr−1 , and using this criterion we find
105 passive galaxies and 3,437 star–forming ones out of the 3,539 comprising the SED
sample. Thus, with our cut on the SSFR, 3% of all galaxies at z ∼ 2 are classified as
passive.

2.2.2

The Galaxy Mix at z ∼ 2: The BzK Selection

We have constructed the BzK sample by adopting the BzK color–color selection by
Daddi et al. (2004), where galaxies of various “spectral types” are identified by their
position in the (B −z) versus (z−K) color-color diagram. The BzK selection is widely
used to investigate the evolution of galaxies at z ∼ 2 (Daddi et al., 2005; Reddy et al.,
2005; Daddi et al., 2007; Lin et al., 2012; Fang et al., 2012; Yuma et al., 2012). To the
extent that the average obscuration properties of the star–forming galaxies are well
described by the Calzetti (2000) obscuration law, this rest UV/Optical color selection
is sensitive to galaxies at 1.4 < z ≤ 2.5 with a significantly broader range of dust
obscuration than the UV selection alone (e.g. Reddy et al., 2009, 2010; also Guo et
al., 2011 for a discussion). It is also sensitive to passively evolving galaxies in a similar
redshift range, which the UV selection misses altogether. As in any selection of distant
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Figure 2.1: (z-K) vs. (B-z) diagram for the z-band selected sources in the GOODS- South
field of the HST/ACS [black points] with S/Nk > 7 and S/Nz > 10. Sources above the
dotted line are classified as the star-forming galaxies [sBzKs] and sources between the dotted
and dashed lines are the passively evolving galaxies [pBzKs]. 1043 BzK galaxies are detected
in WFC3/F160w (H-band) observation, using epoch 4 of the CANDELS. The blue and red
circles identify these 981 sBzKs and 62 pBzKs, respectively [BzK sample].

galaxies that is based on colors, however, the details of the redshift distribution of
the selected galaxies depend on the relative sensitivity of the images and the shape
of the adopted bandpasses.
The original BzK criteria were implemented using a sample where source detections were carried out in the K-band images, since these had sufficient sensitivity and
were such that every galaxy detected at least in the z-band was detected in the K
one with higher S/N. Since this is not the case with our data, where the HST/ACS
z-band image is much deeper than the ground–based VLT/ISAAC Ks band image
even for the reddest SED considered here, we contruct our BzK samples from the
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ACS z-band selected source catalog (Giavalisco et al., 2004), where we further require
(S/N )K > 7.0 in the K-band and (S/N )z > 10.0 in the z-band to ensure robust color
measurements. We then use the selection criteria introduced by Daddi et al. (2004)
as shown in Figure 2.1:

BzK ≡ (z − K) − (B − z) ≥ −0.2

for star-forming galaxies (sBzKs) and

BzK < −0.2 ∩ (z − K) > 2.5

for passively evolving galaxies (pBzKs)

Out of a total of 1,043 BzK galaxies, we find 981 sBzKs (blue circles in Figure 2.1)
and 62 pBzKs (red circles), namely 6% of the sample is made of passive galaxies. This
fraction is twice as large as the one of the SED sample, and the reason is that the
BzK selection defines galaxies as passive solely based on their colors, while in the
SED sample galaxies are defined as passive based on the SSFR. If the threshold were
defined as SSR< 0.16 Gyr−1 , then the SED sample and BzK would both have the
same 6% fraction of passive galaxies. Finally, it is important to keep in mind that all
BzK galaxies also have detection in the WFC3/F160w CANDELS images, which we
have used to analyze their rest–frame optical morphology.
Compared to the SED selection, the BzK selection is relatively easy and economical to implement, requiring only three photometric bands, and it is largely independent of dust reddening. The combination of photometric scatter (which depends
on the sensitivity of the data) and the intrinsic variance of galaxies’ SED, however,
result in some degree of contamination by interlopers (i.e. galaxies that are not in
the targeted redshift range) as well as of incompleteness, namely loss of galaxies that
are scattered away from the selection windows. For the same reasons, the separation
between passive galaxies and star–forming ones suffers from scatter, in the sense that
dust–reddened star–forming galaxies might be observed in the selection window of
passive ones and vice versa (see, e.g. Daddi et al., 2004, 2005, 2007).

27

Figure 2.2: Comparison of the photometric redshift distribution of the BzK sample to that
of the SED sample (Top) and the number counts of SED sample, of the two BzK samples,
and also of the whole H–band selected TFIT sample for comparison (Bottom). The thick
solid line represents the H-band selected TFIT sample (e.g. SED sample without redshift
limitation), and dotted line represents the “Pure BzK”. The redshift window, 1.4 < z ≤ 2.5,
is described as vertical dashed lines in the top panel. In the Bottom panel, the dot and
dash dot lines are for the BzK sample (BzKs at z ∼ 2) and SED sample, respectively.
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To diminish the contamination by interlopers from outside the redshift range considered here and how it affects our morphological analysis, we can use the photometric
redshift to restrict our sample to galaxies with 1.4 < z ≤ 2.5. This further cut serves
two purposes. First, it filters away the high–z tail of our BzK sample, which very
likely results from the combination of the relatively shallow depth of the ACS B–band
images, and the fact that the sample is z–band selected. The cut also serves the purpose of creating our reference cosmic epoch to assess the state of galaxy morphology
evolution. This leaves a final BzK sample of 736 galaxies down to H ∼ 25, of which
46 are classified as passively evolving (pBzK), i.e. 6.3% of the sample, and 690 are
star–forming (sBzK) galaxies. We explicitly note that using the photometric redshifts
to eliminate likely interlopers has left the passive fraction essenctially unchanged. In
the following we will refer to this photo–z filtered sample simply as the “BzK sample”,
while the original sample will be called the “pure BzK” one. The top panel of the
Figure 2.2 compares the photometric redshift distribution of the BzK sample to that
of the whole H–band selected TFIT sample (e.g. SED sample not restricted by redshift), while the bottom one shows the number counts of the SED sample, of the two
BzK samples, and also of the whole H–band selected TFIT sample for comparison. It
can be seen from the photometric redshift histograms that the redshift distribution
of BzKs is tapered at both ends of the corresponding selection window as a result
of the color cuts built in the selection criteria. Clearly, this is not presented in the
SED sample. It can also be seen that the number counts of the SED and BzK samples are very similar in shape, especially at H < 25, the former being slightly larger
than the latter simply due to the larger completeness and the fact that the redshift
distribution is not set by color cuts. Since the magnitude (mass) distribution is not
similar especially at the faint end, we cut BzK and SED samples with M > 109 M (
H<
∼ 26 : over the 90% completeness limit of the CANDELS H band in the GOODS-S
Deep field) to study and compare the morphologies directly. As we shall see later,
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the morphological properties of the SED and BzK samples are essentially identical,
suggesting they are both representative of the mix of bright galaxies at z ∼ 2.

2.3

Color-mass diagram at z ∼ 2

In Figure 2.3, we report the distribution of rest-frame U–V (3730Å– 6030Å) color
versus stellar mass for the BzK (left) and SED (right) samples. The blue crosses and
red circles represent the star-forming (sBzK) and passive (pBzK) galaxies, respectively. The rest-frame colors are measured using the best-fitting SED template, which
is scaled to pass through the closest observed photometric point for each rest-frame
wavelength we consider to derive the k-correction and subsequently the rest-frame
magnitude. Figure 2.3 shows that there is a distinct difference in the color-mass diagram between star-forming and passive galaxies. In both our samples, the colors
of passive galaxies (pBzKs) span a much smaller range than those of star-forming
ones (sBzKs). An important question to answer, therefore, is whether or not the
limited excursion of the intrinsic colors of the pBzKs is simply the result of their
selection and not due to the characteristics of their SED. After all, these galaxies
are selected specifically to be red, namely to have the observed colors expected from
passively evolving galaxies (or galaxies with a relatively small specific star formation
rate) observed at 1.4 < z ≤ 2.5. To test this possibility, we have compared the scatter of the observed colors and of the intrinsic colors of our pBzK sample in bins of
both apparent and absolute magnitude, which is shown in Figure 2.4. As it can be
seen, the scatter always increases when going from the intrinsic colors to the observed
ones, as one would expect in a sample with a relatively large dispersion of redshift.
Moreover, the pBzKs occupy a significantly smaller range of stellar mass, and, at the
same time, the two types occupy a disjoint range of SSFR (color-coding of points at
Figure 2.3). Taken all together, this is evidence that while pBzKs are selected to be
red, thus covering a restricted range of both the observed B-z and z-K colors, their
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intrinsic colors are all very similar, since they span a range significantly smaller than
the observed ones, denoting a similarity of physical properties. This conclusion is
further reinforced by their small range of mass, since the color selection does not in
principle set any restrictions on the stellar mass.

Figure 2.3: The rest-frame U-V color versus Stellar mass for galaxies of both BzK (left) and
SED (right) samples at z ∼ 2. The crosses and circles represent the star-forming (sBzKs)
and passive (pBzKs), respectively. The rest-frame colors of the passive (pBzK) galaxies
span a much smaller range than star-forming (sBzK) ones, with the two samples having
distinct color distributions. The color-coding reflects the specific star formation rate (SSFR)
defined as star formation rate divided by stellar mass (right panel). Most massive pBzKs
have SSF R < 0.01 Gyr−1 which means they are rarely star-forming and intrinsically red
in contrast to blue sBzKs with higher SSFR and lower mass. Diamond symbols represent
the 70 x-ray detected galaxies (50 for BzK sample).

We note that although our star-forming and passive samples seperate well in
Figure 2.3. a small fraction of massive star-forming galaxies overlap with the passive
ones. The majority of those massive star-forming galaxies are red due to UV colors
which are reddened by dust, and similar trends are observed in the red sequence
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at z ∼ 0 (Baldry et al., 2006). In the BzK sample, 11 red sBzKs with SSF R <
0.01−2 Gyr−1 are all massive (M > 1010 M ) and generally red (rest-frame U −
V > 1.3 except two galaxies with U − V > 1.0). They are visually characterized
by compact structures, with the exception of one having large size (Re = 3.5 kpc)
and a light profile characteristic of an exponential disk (n = 1.34). These could be
passive galaxies that are not classified as such by the BzK criterion either because of
photometric scatter in the photometric measures or because of the galaxies’ intrinsic
SED variations (see Section 2.2.2).

Figure 2.4: The observed colors (B-z and z-K) and rest-frame color (U-V) versus apparent
(HAB ) and absolute magnitudes (log(LH )) for pBzK galaxies. The σ values and error bars
represent the standard deviation of colors.
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We find 70 (50 for the BzK sample) X-ray detected galaxies among our sample,
marked as diamond symbols in Figure 2.3. Most of them (86% :SED sample, 90%:
BzK sample) are star-forming galaxies (sBzKs), and those X-ray detected galaxies
are generally massive and compact. We do not exclude them from further study
since they also follow a similar trend in the color-mass diagram, and have similar
morphologies as non X-ray detected galaxies.

2.4

Morphological Classification Using Non-parametric Approaches

In order to investigate further the morphologies of galaxies within 1.4 < z ≤ 2.5,
we turn next to several non-parametric morphological diagnostics such as the Gini
parameter (G), the second-order moment of the brightest 20% of the galaxy pixels
(M20 ) and the multiplicity parameter (Ψ). Many studies have used these parameters
to quantify galaxy morphology (Lotz et al., 2004; Abraham et al., 2007; Law et al.,
2007; Overzier et al., 2010; Law et al., 2012; Wang et al., 2012) locally and at high
redshift, generally showing that they are an effective and automated way to measure galaxy morphologies for large samples. These parameters quantify the spatial
distribution of galaxy flux among the pixels, without assuming a particular analytic
function for the galaxy’s light distribution. Thus they may be a better characterization of the morhology of irregulars, as well as standard Hubble-type galaxies (Lotz et
al., 2004, Hereafter, LPM04). Before measuring these parameters, we need to identify the pixels belonging to each galaxy. For each galaxy, we calculate the “elliptical
Petrosian radius”, ap , which is defined like the Petrosian radius (Petrosian, 1976) but
uses ellipses instead of circles (LPM04). We use the segmentation map generated
by Sextractor when making the H-band detections (Guo et al., 2013), and use the
ellipticities and position of peak flux determined by Sextractor for each galaxy. We
then set the semi-major axis ap to the value where the ratio of the surface brightness
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at ap to the mean surface brightness within ap is equal to 0.2. The surface brightness
at each elliptical aperture, a, is measured as the mean surface brightness within an
elliptical annulus from 0.8a to 1.2a. There are 10 galaxies in the SED sample and
one sBzK whose images comprise less than 28 pixels (corresponding to a circle with
a radius of 3 pixels), which we have excluded from further analysis. Note again that
we use galaxies with M > 109 M from both samples for our morphology analysis,
which leaves us with 46 pBzKs and 669 sBzKs, and 104 passive and 1567 star-forming
galaxies of the SED sample.
Using the SED and BzK samples with stellar mass > 109 M , we first compute the
G parameter defined in LPM04, which measures the cumulative distribution function
of a galaxy’s pixel values (light). Therefore, G of 1 would mean all light is in one pixel
while G of 0 would mean every pixel has an equal share. Hence, G is used to distinguish between the galaxies for which fluxes are concentrated within a small region
or uniformly diffuse. We also compute the M20 parameter, which traces the spatial
distribution of any bright nuclei, bars, spiral arms, and off–center star clusters. Typically, galaxies with high values (M20 ≥ −1.1) are extended objects with double or
multiple nuclei, whereas low values (M20 ≤ −1.6) are relatively smooth with a bright
nucleus (see LMP04 for a detailed explanation of M20 ). The third non-parametric
coefficient is the multiplicity Ψ (Law et al., 2007), designed to discriminate between
sources based on how ”multiple” the source appears. Galaxies with lower Ψ are compact galaxies with generally one nuclei while irregular galaxies with multiple clumps
have higher Ψ (Law et al., 2007) (the definitions of each diagnostic are presented in
the above references).

2.4.1

Rest-frame Optical Morphology

Figure 2.5 shows the relative distribution of the G, M20 and Ψ for star–forming and
passive galaxies of the BzK and SED samples (blue and red histogram, respectively).

34

Figure 2.5: Relative distributions of G (top), M20 (middle) and Ψ (bottom) for BzK (left)
and SED samples (right). Red and blue histograms represent the pBzK (passive) and sBzK
(star-forming) galaxies, respectively. Overall, passive (pBzK) galaxies have higher G and
lower M20 and Ψ in contrast to star-forming (sBzK) galaxies. This is consistent with the
passive galaxies being compact and relatively smooth, while the star-forming ones are more
extended and have more fine-scale structures.
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The G values are mostly in the range 0.3 − 0.7 with a mean of 0.43 for star-forming
galaxies (0.48 for sBzKs) and 0.53 for passive ones (0.58 for pBzKs). Passive galaxies are shifted to higher G than star-forming ones. The majority of pBzKs (90%)
and about 70% of passive galaxies have G > 0.5. The mean values of the M20 for
star-forming (sBzK) and passive (pBzK) galaxies are -1.47 (-1.54) and -1.68 (-1.73),
respectively. The middle panel of Figure 2.5 shows that the passive galaxies (pBzKs)
have lower values and show a peak at ∼ −1.7 while the star-forming ones (sBzKs)
exist in a wide range of M20 values that are slightly skewed to higher M20 . Lastly,
the Ψ values of star-forming galaxies (sBzKs) have a range of values up to ∼ 5, but
most of the passive galaxies (SED: 90% , BzK: 94% ) have Ψ < 1.0. Law et al. (2012)
find that spectroscopically confirmed star-forming galaxies at z=1.5–3.6 have Ψ < 1
for isolated regular galaxies, 1 < Ψ < 2 for sources that show some morphological
irregularities, and larger values for sources having multiple clumps that are separated.
Therefore, all passive galaxies (pBzKs) tend to be dominated by one main clump while
star-forming ones (sBzKs) can have two or more significant components in addition
to a main nucleation. There is some degree of correlation between the G and M20 ,
Ψ measurements (see Figure 2.6). The passive galaxies (pBzKs) reside in a narrow
region with higher G and lower M20 and Ψ indicating that they consist of one bright
central source. In contrast with passive galaxies (pBzKs), star-forming ones (sBzKs)
with lower G have higher M20 and Ψ because galaxies with diffuse morphology tend
to have a spread out flux distribution. Figure 2.5 and 2.6 also show that there is an
overlap in the distributions of morphological parameters of star-forming galaxies and
passive ones. For example, there are star-forming galaxies with high G and low Ψ or
M20 that are located in same region where the bulk of passive galaxies are observed,
and vice versa.
To illustrate and further explore these galaxies in the overlapped region, we have
chosen star-forming galaxies with G > 0.6 and passive galaxies with G < 0.5 for
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Figure 2.6: Distribution of G vs. M20 (top) and Ψ (bottom) for BzK (left) and SED (right)
samples having M > 109 M . In both samples, there are clear morphological differences
between passive galaxies and star-forming.

visual inspection and classification. We indeed found that the star–forming galaxies
can generally be classified as blue spheroids and the passive ones as red disks. In
agreement with Law et al. (2007), the 35 star-forming galaxies with high G visually
appear as compact structures in Figure 2.7. Note that all these images have S/N
ratio per pixel (S/Npp ) greater than 2.5, the threshold used in LPM04 for reliable
measurements, and most of them (85%) are relatively bluer than normal passive
galaxies. About 40% of star-forming galaxies in the sample of Law et al. (2012)
were visually classified as such compact structures as well. Among passive galaxies
in the SED sample, 10 of them have S/Npp < 2.5, and all have G < 0.5. This
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indicates that we cannot measure reliable morphology due to the low S/Npp ratio.
In Figure 2.8, we show the 25 passive galaxies with G < 0.5 and S/Npp > 2.5.
Most of them have smooth structures, and some are elongated or have secondary
structures. They are intrinsically red with rest-frame (U − V ) > 1.5, and 16 galaxies
are massive (M > 1010 M ). Red (passive) disks at high redshift have also been
recently studied by other groups. For example, Wang et al. (2012) found that 30%
in quiescent galaxies of their sample with M > 1011 M

at 1.5 ≤ z ≤ 2.5 can be

morphologically classified as disks. This is generally consistent with the findings
presented here, although we note that due to their low S/Npp , some of our “passive
disks” might actually be morphological mis-classifications or even be dust–obscured
star–forming galaxies. Finally, we observe that, overall, the BzK and the SED samples
have essentially identical distributions of morphological parameters, although the
SED sample includes galaxies with lower G, namely those with S/Npp < 2.5, which
is the result of their lower surface brightness.
In addition to G, M20 and Ψ, we measure the Concentration (C) and Asymmetry
(A) of our samples. The concentration index C (Abraham et al., 1996; Conselice,
2003) measures the concentration of flux. Typical values of C range from ∼ 1 for the
least compact to ∼ 5 for most compact galaxies. Note that asymmetry A (Schade
et al., 1995; Abraham et al., 1996; Conselice et al., 2000) compute the 180 degree
rotational asymmetric light distribution of all galaxy and hence the most symmetric
galaxies have A = 0. We present the distribution of C and A for the BzK (left)
and SED (right) samples in Figure 2.9. As expected, the passive galaxies (pBzKs)
are more similar to ellipticals in their C and A values, while the star-forming ones
(sBzKs) are more spiral and merger-like. In the C −A plane, passive galaxies (pBzKs)
are different from star-forming ones (sBzKs), but the difference is not as significant
compared to the difference in G − M20 and Ψ. As expected, the distribution of C and
A for both samples are similar as shown in the previous figures.
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Figure 2.7: Postage stamps of 35 star-forming galaxies (in SED sample) with G > 0.6. Each
postage stamp is 3.6 × 3.6 arcsec2 and all images have been linearly scaled. The number in
each stamp indicates the order of H-band magnitude, i.e. number 1 galaxy is the brightest
one. As one can see, all star-forming galaxies with high G show spheroid-like structures
with a bright clump.
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Figure 2.8: Postage stamps of 25 passive galaxies ( in SED sample) with G < 0.5. Those
galaxies are all red and show extended stuctures as an example of red (passive) disks. (Image
stamp size, image scaling and magnitude order follow the same properties of Figure 2.7.)

In summary, the distributions of the non–parametric morphological diagnostics
that we have considered here for both the BzK and SED samples are essentially the
same in each spectral type class. Star–forming and passive galaxies clearly show
different distributions of non-parametric morphological measures, and they are separated well in G–M20 and Ψ spaces. Passive galaxies (pBzKs) are mostly compact,
spheroidal structures, and the majority of star-forming ones (sBzKs) are somewhat
extended or have multiple clumps, similar to disks or irregular galaxies in the Local
universe. These results agree with those of Wang et al. (2012) who also studied the
morphologies of massive galaxies (M > 1011 M ) at z ∼ 2 with G, M20 and visual
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Figure 2.9: The plot of Asymmetry (A) vs. Concentration (C) for BzK(left) and SED
(right) samples and the histograms of each parameter. The passive galaxies (pBzKs) are
more spheroidal like in their C and A values, while star-forming galaxies (sBzKs) are more
spiral and merger like.

classifications. They found that the quiescent galaxies are bulge dominated and starforming galaxies have disks or irregular morphologies visually as well as in the G and
M20 analysis. We extend their study with a larger sample down to a lower mass limit,
and obtain almost the same conclusion about galaxy morphologies at z ∼ 2.
In Appendix A, we investigate the robustness of non-parametric measures (G, M20
and Ψ), mainly used in this study for morphological analysis, using GOODS-S and
the Hubble Ultra Deep Field (UDF) images in the H-band. The UDF overlaps part
of the GOODS-S imaging, but goes much deeper (5 σ depth of 28.8), and thus offers
an opportunity to test the dependence of parameters on the signal-to-noise per pixel
(S/Npp ). We show that any difference between the two different fields, which have
different exposure times, is relatively small for three parameters, with the scatter in
measured properties increasing as S/N decrease. We find that most (> 90%) of BzK
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galaxies have S/Npp > 2.5, and ∼ 70% of the SED sample have S/Npp > 2.5. We
note that we do not exclude galaxies with S/Npp < 2.5 since they rarely change our
results in this study.

2.4.2

G, M20 and Ψ vs. Sérsic Index and Re

Sérsic index and half-light radius (Re ) have been successfully used to characterize
galaxy morphology in many previous works, both at low and high redshift (lowz: Blanton et al., 2003, Driver et al., 2006; mid-z: Cheung et al., 2012; high-z:
Ravindranath et al., 2006, Bell et al., 2012). Recently, Bell et al. (2012) and Wuyts
et al. (2011) show that the Sérsic index correlates well with quiescence in galaxies
at z <
∼ 2. Therefore, we investigate how galaxy morphologies with G, M20 and Ψ
correlate with Sérsic index (n) and Re . We use the Sérsic index and Re (van der Wel
et al., 2012) obtained by fitting a Sérsic profile to the galaxy image using GALFIT
(Peng et al., 2002). Passive galaxies in both samples have hni ∼ 3.0, and over 96%
of them have n > 1.0, with 50% having n > 2.5. In contrast, star–forming galaxies
have hni ∼ 1.5, with 85% of them having n < 2.5. This suggests that the majority
of star-forming (sBzK) galaxies have disk-like (exponential light profile) or irregular
structure with a light profile shallower than an exponential one. In contrast, all passive
galaxies (pBzKs) have a dominant bulge including some bulge+disk structures. A
similar analysis of morphologies at z < 2.5 using the Sérsic index in the SFR-mass
diagram was carried out by Wuyts et al. (2011), who found that the main sequence
(MS) consists of star-forming galaxies with near exponential profiles, and passive
galaxies below the MS have higher Sérsic indices close to a de Vaucouleur profile
(n = 4). Szomoru et al. (2011) also reported similar results with 16 massive galaxies
at z ∼ 2, and found that star-forming galaxies have diskier (low n) profiles than
passive galaxies. We present the distribution of G, M20 and Ψ as a function of Sérsic
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Figure 2.10: The distribution of morphological parameters as a function of Sérsic index
(n) for the SED sample [left] and BzK sample [right] in two different mass bins divided by
a mass threshold, Mth = 1010 M . The color-coding represents the rest-frame (U-V) color
of galaxies, and the dotted vertical line is for n = 2.5.
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index in two different mass bins divided by a threshold mass, Mth = 1 × 1010 M in
Figure 2.10.
In both samples, we find that there are significant correlations between Sérsic
index and G, M20 and Ψ, with galaxies with high n having high G and low M20 , Ψ,
and vice versa. As we have already noted in Figure 2.3, most of the passive galaxies
(pBzKs) have masses greater than 1 × 1010 M , and the majority of star-forming
galaxies (78%) and 70% for sBzKs have M < 1 × 1010 M . In massive systems
(M ≥ 1 × 1010 M ), the two populations show a well-separated bimodal distribution
in their morphologies and colors (see Figures 10 and 11). Red passive galaxies (pBzKs)
show spheroidal-like structures with high n, G and low M20 , Ψ, while blue star-forming
ones (sBzKs) exhibit a larger variety of morphologies, but mainly have low n, G and
high M20 , Ψ. There are some star-forming galaxies (sBzKs) with high Sérsic index
(n > 2.5, vertical dotted line in Figure 2.10. They follow mostly the same trend in
morphologies with higher G and lower M20 , Ψ, indicating the presence of a bright
center (see the blue spheroids in Figure 2.7). Bell et al. (2012) showed examples
of such systems in their sample, and found that those appear to be spheroidal-like
structures, but in many cases also have significant asymmetries, or faint secondary
sources and tidal tails. A loose relation between non-parametric measures and Sérsic
index is observed for massive galaxies in the right panel of Figure 2.10, but not for low
mass galaxies at all. This means that the commonly used Sérsic index is not enough
to study morphology of those galaxies. Therefore, it is important to use the nonparametric diagnostics in addition to the Sérsic profile to quantify the morphology
of galaxies towards the low end of the mass distribution.
In Figure 2.11, we plot the non-parametric measures as a function of Re in both
small and large mass systems to see how the size varies along with spectral type
and stellar masses. We find that Re also correlates well with all the non-parametric
measures in general, as galaxies with low G and high M20 , Ψ have smaller sizes and
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Figure 2.11: The distribution of morphological parameters as a function of half-light radius
(Re ) for the SED sample [left] and BzK sample [right] in two different mass bins divided
by a mass threshold, Mth = 1010 M . Open symbols show the galaxies with n < 2.5 and
filled symbols show galaxies with n > 2.5. Star-forming and passive galaxies are expressed
as blue and red colors, respectively.
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relatively low Sérsic Index (n < 2.5: Empty symbols) in both samples. Overall,
star-forming galaxies (sBzKs) tend to have larger half-light radii than passive ones
(pBzKs), even in the case of massive systems (M ≥ 1 × 1010 M ) and about half of
passive (pBzK) galaxies show very compact morphologies, with re < 1 kpc. This is
consistent with previous results, which find that passive galaxies are more compact
than star–forming galaxies at z ∼ 2 (Toft et al., 2009; Wuyts et al., 2011; Cassata et
al., 2011), and the same general trend is observed at z ∼ 0 among massive galaxies
(Williams et al., 2010).

2.5

Comparison with the Local Universe

The strong correlation between galaxy color (and SFR) and morphology shown
in the previous sections is reminiscent of the Hubble sequence at z = 0. However,
to understand if actually the Hubble sequence is in place at z ∼ 2, it is important
to examine how galaxy morphologies at z ∼ 2 differ from the local galaxies. In
general, comparing morphological parameters of local galaxies, which are observed
at relatively high resolutions to their conterparts in high-z samples, whose resolution
is lower, is not straightforward because because most morphological diagnostics do
depend on the resolution. A fortunate case, however, is that of the comparison
between local galaxies at redshift 0.05 < z < 0.1 from the SDSS survey to galaxies at
z ∼ 1 observed with HST, since the difference of angular diameter distance at these
two redshifts nearly perfectly compensates for the difference in the angular resolution
of the two instrumental configuration (Nair & Abraham, 2010). At this purpose, we
should also keep in mind that in our adopted cosmology, the fractional variation of
the angular diameter distance in the redshift range 1.4 < z < 2.5 is only ≈ 5%.
Furthermore, even though G and M20 measures are robust given the resolution of the
observation, particularly if the data is deep enough to allow the Petrosian radius to
be used to measure the parameters (Abraham et al., 2007), we should nonetheless
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be careful when directly comparing the G and M20 from observations with different
resolutions (LPM04; Lisker et al., 2008). Therefore, in this study, we compare the
z ∼ 2 galaxy morphologies in the SED and BzK samples to those of the local galaxy
sample of LPM04 after we simulate how they would appear in the CANDELS images
if they were observed at redshift z ∼ 2. For this reason, we have used the B–band
and g–band images of the local galaxies (Frei et al., 1996; Abazajian et al., 2003),
which at this redshift correspond to the H band (for details about the local galaxy
observations, see LPM04). We have restricted the comparative analysis with the high–
redshift galaxies to only those at 2.0 < z ≤ 2.5 to minimize the possible effects of the
morphological K-correction. Furthermore, we have only considered galaxies within
a magnitude range of 0 ≤ (MB − M ∗) ≤ 4 (LPM04), where we take M ∗ = −20.1
(Blanton et al., 2003b) for local galaxies, and M ∗ = −22.9 for galaxies at z ≥ 2
(Shapley et al., 2001), assuming that the local galaxies were brighter in the past but
did not evolve morphologically (LPM04).
In this simulation, we first modify the angular sizes and surface brightness of
local galaxy images to account for distance and cosmological effects. The images
are rebinned to the pixel scale of the galaxies observed at z = 2.3 (WFC3 pixel size
is 0.06”) and the flux in each pixel is rescaled so that the total magnitude of the
galaxy corresponds to some preassigned value, for example to that of an M* galaxy
at z = 2.3. The modified images are then convolved with the WFC3 PSF and, lastly,
we add Poisson noise appropriate to the WFC3/NIR observations using the IRAF
task MKNOISE.
In Figure 2.12, we present the G, M20 and Ψ measured from the redshifted modified
local galaxy images. The measures of the redshifted galaxies (from the left, 1st and
2nd panels) are quite different from those of the original local galaxy images (3rd
panel). This is in agreement with LPM04, who conclude that z ∼ 2 Lyman Break
Galaxies (LBGs) do not have morphologies identical to local galaxies. Overall, the

47

Figure 2.12: G vs. M20 and Ψ for the galaxies at z ∼ 2.3 and local galaxies from LPM04.
We compare the morphologies of BzK [from left: 1st panel] and SED sample [2nd panel]
in WFC3 H-band with degraded B/g-band image of local galaxies. To reduce the effect of
any morphological k-correction, we compare only the galaxies with redshifts 2.0 < z ≤ 2.5.
Local galaxies are selected to lie in the same MB − M ∗ range (0.0 ≤ (MB − M ∗) ≤ 4.0)
as the z ∼ 2.3 sample, assuming M ∗ = −20.1 locally and M ∗ = −22.9 at z ≥ 2. The 3rd
panel shows observed morphologies of normal local galaxy types expressed by the following
colors ( violet: E/S0, magenta: Sa-Sbc, green: Sc-Sd, light blue: dI). Comparison between
passive and star-forming galaxies in each sample (red dots and blue crosses, respectively)
at 2.0 < z ≤ 2.5 and the morphologies of redshifted local galaxies at the WFC3 H-band
image resolution are described on the 1st and 2nd panels. Overall, galaxies at z ∼ 2.3 tend
to have similar distribution in G − M20 space with redshifted local galaxies even though
there are many galaxies with higher M20 for their G than for any of the local ones.
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distributions of galaxies at z ∼ 2.3 in both samples and that of the redshifted local
galaxies are similar in G-M20 space, as shown in the 1st and 2nd panel of Figure 2.12,
but the high–redshift star–forming galaxies have a broader distribution of M20 for a
given value of G than the redshifted local late types. This trend is reflected in the
G-Ψ plane (in the bottom panels), which shows lower Ψ values for the redshifted local
galaxies. Large and luminous star–forming disks are mostly responsible for this excess
of galaxies with higher M20 and broader (slightly higher) distribution of Ψ, another
manifestation of the fact that disks at z ∼ 2 are not simply scaled–up versions of
the local ones in terms of star–formation rates, but are intrinsically different (e.g.
Papovich et al., 2005, Law et al., 2007). Comparatively, the z ∼ 2 passive galaxies
have G and M20 values that are much more similar to those observed for the present–
day E/S0 galaxies. Overall, the qualitative similarity of values, shapes and trends of
the distributions of morphological parameters at low and high redshift suggests that
the Hubble sequence is essentially in place at z ∼ 2.
Our comparative study also shows that while the morphology of the oldest systems at any epoch, i.e. the passively evolving galaxies, in general changes relatively
little from z ∼ 0 to the present, at least as traced by our diagnostics, disks galaxies
underwent strong structural evolution over the same cosmic period. A noticeable
exception is the evolution of the size of massive ellipticals, which at z ∼ 2 were dominated by very compact galaxies, which had stellar density up to two order magnitudes
higher than today’s counterparts of similar mass, while at present such systems have
essentially disappeared (see Cassata et al. (2011, 2013)). Also, it is interesting to
note that Huang et al. (2013) find that at even higher redshifts, i.e. 4 < z < 5, the
size distribution of star–forming galaxies is significantly larger than that predicted
from the spin parameter distribution observed in cosmological N–body simulations, a
marked difference from local disks which follow the simulation predictions very well.
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2.6

Comparison With Rest-Frame UV

It is important to compare the rest–frame UV and optical morphologies, since the
former traces the spatial distribution of star formation, and thus contains information
on how, and where, galaxies grow in mass and evolve morphologically, while the latter
traces the structure of their stellar components. With the CANDELS images we can
study the relation between rest-frame optical (5300 Å) and UV (2800 Å) morphology
with a large sample. Since non-parametric measures can vary systematically with the
PSF and pixel size of the images as the resolution decreases (Lotz et al., 2004; Law
et al. 2012), we made a version of the ACS z–band image which is PSF–matched to
the WFC3 H–band one (by convolution with an ad–hoc kernel) and which we have
re-binned to the same pixel scale of 0.06”/pixel. To make a meaningful comparison,
we use the same segmentation map and the “elliptical Petrosian radius” estimated
from the H-band image and apply it to the PSF matched z-band image to measure
the G, M20 and Ψ in the rest-frame UV. In Figure 2.13 we compare the G, M20 and Ψ
of the BzK and SED samples in the UV and optical rest-frames (passive (pBzK) and
star-forming (sBzK) galaxies in red and blue, respectively). What we find from our
measurements is that all three parameters are different between the H- and z-bands
in general. First, the H-band derived G is higher for both passive (pBzKs) and starforming (sBzKs) galaxies at z ∼ 2. The values of M20 at the two wavelengths are well
correlated for both populations, but generally the z-band measurements have slightly
higher values. In particular, we find that the scatter increases as M20 increases. This
means that galaxies are clumpier in the z-band and the difference in M20 between
the two bands is bigger in the case of multi-clump structures (e.g. higher M20 ).
The Ψ values from the H-band and z-band for star-forming (sBzK) galaxies are well
correlated, while most of the passive ones (pBzKs) in the z-band have higher Ψ value
than in the H–band. We compute the fractional differences of the three parameters
between optical and UV defined as f (M20 ) = [M20 (z) − M20 (H)]/M20 (z), shown in
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the insets of Figure 2.13 to check for offsets from the linear correlation. Negative
M20 , positive G and Ψ imply that parameters in the z-band are higher than the ones
in the H-band.
Overall, in the rest-frame UV, galaxies appear to have higher Ψ and M20 and lower
G values than in the rest-frame optical since observations in the rest-frame UV show
more fragmented structures than the rest-frame optical, especially for star-forming
galaxies. We additionally find that the passive galaxies (pBzKs) in the rest-frame
optical tend to have a higher G and lower Ψ and M20 than in the rest-frame UV
because the rest–frame optical light from old stellar populations is typically more
concentrated than that from younger stellar populations, consistent with the result
from Guo et al. (2011) that the inner region of passive galaxies at z ∼ 2 have a redder
color gradient. A similar trend was noted by Wuyts et al. (2012), who found that
the median galaxy size and M20 are reduced (less clumpy), while G and C increase
from rest-frame 2800 Å and U band to the optical, using star-forming galaxies at
0.5 < z < 2.5.
Sample images of galaxies in both rest-frame optical and UV are shown in Figure 2.14 to visually present the morphological differences between passive and starforming galaxies and to see how nonparametric measures are correlated with the visual
classifications. We have selected 16 galaxies (eight pBzKs and eight sBzKs) included
in both BzK and SED samples. These images have relatively smooth and regular
morphologies in both bands. The eight images for each spectral type are sorted by
their H-band magnitude, with the brightest one located at the bottom and decreasing upward, and non-parametric statistics and redshifts of each galaxy labeled. This
figure illustrates the good correspondence between the measured parameters and the
visual morphologies of the galaxies. Most sBzKs are extended, and exhibit a broad
range of morphologies, from isolated systems with a central bulge and galaxies with
bulge and disk components, to irregular systems with multi-clumps. The pBzKs have
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Figure 2.13: Comparison of the morphological parameters for galaxies at z ∼ 2 between
the rest-frame UV (z-band) and optical (H-band) (BzK: left, SED: right). The top, middle
and bottom panels show M20 , G and Ψ, respectively. Blue crosses and red circles represent
the sBzKs (star-forming) and pBzKs (passive), respectively, and a dotted black line in
each panel shows a linear correlation. The inset in each panel show the distribution of
the fractional differences (f ) of the parameters in the two rest-frame bands defined as
f (M20 ) = [M20 (z) − M20 (H)]/M20 (z). Negative f (M20 ) and positive f (G), f (Ψ) means
that parameters are bigger in the z-band in each plot.
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Figure 2.14: Postage stamps of 16 galaxies which are selected in both BzK and SED samples,
including 8 pBzKs (1st & 2nd columns) and 8 sBzKs (3rd &4th columns) in the rest–frame
optical (WFC3 H-band: 1st & 3rd) and UV (ACS z-band: 2nd & 4th). The galaxy images
are ordered by decreasing magnitude from top to bottom (the eighth galaxy is the brightest
one at each column). Each postage stamp is 3.6×3.6 arcsec2 and labels indicate the redshifts
(z) and morphological parameters. Star-forming galaxies show a variety of morphologies,
while all passive galaxies show bulge–like structures. The morphology between z and H-band
of passive galaxies are almost identical, but this is not the case for star-forming ones.
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morphologies similar to those of present day spheroids, bulges and ellipticals. Visually, the sBzKs appear clumpier in the rest-frame UV compared to optical, showing
a dependence on wavelength with the exception of a few isolated cases, while pBzKs
look very similar in both wavelengths. Overall, visual inspection shows that the morphological types in both bands are generally similar, in agreement with Cassata et
al. (2010) who found that passive galaxies (SSF R < 0.01 Gyr−1 ) have a “weak morphological K-correction”, with size being smaller in the rest-frame optical than in the
UV. However, the comparison with non-parametric measures show that galaxies in
the rest-frame UV are somewhat clumpier than rest-frame optical for both galaxy
populations. For star-forming galaxies at z > 1.5, Bond et al. (2011) and Law et al.
(2012) measured the internal color dispersion (ICD), and found that the morphological differences between the rest-frame UV and optical are typically small. However,
the argument that the majority of ICDs for star-forming galaxies are larger than
those for passive galaxies (Bond et al., 2011) is not consistent with our finding of
relatively large offset for pBzKs in Figure 2.13. Since most of our pBzKs (∼ 80%) are
massive (M > 3 × 1010 M ), one possibility is that high mass galaxies tend to exhibit
greater morphological differences with large ICD (Law et al., 2012). Furthermore,
pBzKs are typically brighter and rather compact at rest-frame optical wavelengths,
which results in higher G and lower M20 and Ψ than in the rest-frame UV. On the
other hand, Szomoru et al. (2011) found a strong dependence of the morphology on
wavelength in a visual study of 16 massive galaxies at z ∼ 2.

2.7

Discussion

In this section we briefly compare our measures of the morphologies of the mix of
galaxy populations in the redshift range 1.4 < z ≤ 2.5 to the predictions of theoretical models. In particular, we discuss the evidence that the bimodal distribution of
galaxies in the color-mass (or luminosity) diagram, namely the “red sequence” and
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“blue cloud”, has already started to appear at z ∼ 2, and compare it with existing
measures at lower redshift. The reliability of our non-parametric measures, G, M20
and Ψ and their performance in quantifying the morphology of galaxies at z ∼ 2,
especially for less massive ones, are also discussed. Lastly, we discuss the comparison
between BzK and SED selected samples.

2.7.1

Comparison to the predictions of theoretical models

Our analysis of the various morphological indicators, both parametric and nonparametric ones, as well as a simple visual inspection (e.g. Figure 2.14), have shown
that star-forming galaxies (sBzKs) exhibit a broad variety of morphological structures, ranging from galaxies with a predominant disk morphology and varying degree
of bulge–to–disk ratio to irregular (clumpy) structures to very compact and relatively
regular galaxies. Generally, the mix of star–forming galaxies at z ∼ 2 looks rather
different from its counterpart in the local universe, showing a much larger fraction of
irregular and disturbed morphologies, especially among massive and luminous galaxies, although bright galaxies that closely resemble local spirals are also observed. We
do observe luminous, clumpy galaxies whose light profile is consistent with a disk (of
course, we do not have dynamical information on these galaxies) and whose overall morphology is in broad qualitative agreement with the theoretical predictions of
violent disk instability (VDI, Dekel et al., 2009a) as seen in high–resolution hydrodynamic cosmological simulations (Ceverino et al., 2010). These simulations show that
galaxy disks are built up by accretion of continuous, intense, cold streams of gas that
dissipate angular momentum in a thick, toomry–unstable disk, where star–forming
clumps form. Subsequently, clumps migrate toward the center and edge, giving rise to
bulges and pseudo–bulges. Observations of the star–formation rate, stellar mass and
age of the clumps, as well as their average radial dependence relative to the center of
the galaxies are also broadly consistent with this scenario (e.g. Guo et al., 2011).
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On the other hand, passive galaxies (pBzKs) are mostly spheroidal-like, comparatively more regular and compact structures, a fact that has been consistently observed
in previous works (Daddi et al., 2005; Franx et al., 2008; van Dokkum et al., 2008;
Cassata et al., 2010, 2011). It is important to keep in mind, however, that there is
scant spectroscopic information on the dynamical properties of these galaxies, namely
whether they are primarily supported by velocity dispersion or by rotation. While the
modicus of spectroscopic observations currently available (van Dokkum et al., 2011;
Onodera et al., 2011) is certainly consistent with the high–redshift passive galaxies
being spheoroids, a significant or even dominant contribution by rotation cannot be
ruled out given the limited angular resolution of the existing spectra, and some have
indeed proposed that a significant fraction or maybe even most (van der Wel et al.,
2011; Bruce et al., 2012) of these galaxies are actually compact rotating disks. From
the theory point of view, there are three distict scenarios for the formation of the compact spheroids, namely major mergers, multiple minor mergers or the migration of
clumps driven by violent disk instabilities (Dekel et al., 2009b; Genzel et al., 2011) to
the disks center, building a massive bulge. Cosmological hydrodynamical simulations
indicate that these processes, operating alone or in combination, can form compact
spheroids. In most cases, the inner parts of the compact spheroids formed by VDI
are rotating, and the outer parts are non-rotating, formed mostly by minor mergers.
While the observed morphological properties of galaxies certainly include cases that
are broadly consistent with these scenarios, it is clear that to make progress comparisons between the dynamical properties of the galaxies and the predictions of the
simulations are necessary. These, however, require spectroscopic observations with
sensitivity and spatial resolution that are not currently available.
In general very compact and massive galaxies are thought to be the result of a
highly dissipative process, either a major wet merger (e.g. Wuyts et al., 2010) or
direct accretion of cold gas. Accretion of cold gas from the inter–galactic medium
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(Birnboim & Dekel, 2003; Keres et al., 2005; Dekel & Birnboim, 2006) can lead to
the formation of compact, massive galaxies, either via VDI in a compact disk (Dekel
et al., 2009b) or via direct accretion of the gas traveling directly to the galaxy center
rapidly and forming stars in–situ (Johansson et al., 2012). Quenching of the star
formation subsequently takes place late when the supply of gas is halted. The simulations suggest that cold accretion is naturally interrupted in dark matter halos more
massive than ≈ 1012 M once the shocked halo gas become too hot to allow the cold
flows to penetrate the halo before they themselves get shock-heated (Dekel & Birnboim, 2006), leading the formation of a massive compact passive galaxy. Additional
feedback mechanisms from star–formation itself (Diamond-Stanic et al., 2012) and
AGN (Springel, 2005) can also contribute to suppress the accretion of cold gas.
As mentioned earilier, Bruce et al. (2012) have studied the morphologies of massive
galaxies at 1 < z < 3 in the CANDELS-UDF field using Sérsic and bulge+disc models, finding that at z > 2 massive galaxies are dominated by disk-like structures and
25-40% of quiescent galaxies have disk-dominated morphologies. Following their classification of disks, namely n < 2.5 (even though they also use bulge- to-total H-band
flux ratio), we find that about 50% of our passive galaxies (with SSF R < 0.01 Gyr−1 )
have exponential light profiles with n < 2.5, i.e consistent with exponential disks.
These roughly classified passive disks have mostly G > 0.5, M20 < 1.45, Ψ < 1.0,
suggesting that they generally are not clumpy structures, and their morphology is
characterized by a central bright nucleus surrounded by low surface brightness features. The presence of passive disks seems inconsistent with models where galaxy
morphology transforms from a disk structure into a bulge followed by quenching of
star formation as the galaxy evolves. The existence of passive disks is, however, predicted by hydrodynamic simulations (Keres et al., 2005; Dekel & Birnboim, 2008),
which show that these structures form when cold gas inflows are halted, thus quenching star formation without the transformation of morphology. For example, (Wilkins
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et al., 2013) argue that the morphological properties and volume density of massive,
compact passive galaxies at z ∼ 2 and those of compact star–forming galaxies at
z > 3 are generally consistent with such a scenario.

2.7.2

Bimodal color distribution at z < 2.5

In this study, to the extent that passive and star–forming galaxies can effectively
be identified by means of broad–band colors, e.g. either the BzK selection criteria or
via SED fitting, we have shown that passive (pBzK) and star-forming (sBzK) galaxies
occupy regions of the rest-frame U-V and stellar mass diagram (e.g. Figure 2.3) that
are essentially the same as the “red sequence” and “blue cloud” observed in the local
universe (e.g. Blanton et al., 2003, Bell et al., 2004). Passive galaxies (pBzKs) are
intrinsically red and massive, whereas, star-forming galaxies (sBzKs) are generally
bluer and have lower mass than passive (pBzK) ones (with the exception of about
7% red massive sBzKs). The majority of the exceptions are massive dusty starforming galaxies, and are largely redder than low mass star-forming galaxies (sBzKs)
at z ∼ 2. Thus, they can contaminate the red sequence sample by a significant
fraction, if selected based only on a single rest-frame (U-V) color (Brammer et al.,
2009), since most of the UV emission from high-redshift star formation is at least
somewhat obscured by dust.
An intriguing property of this color-mass diagram is the lack of passive galaxies
with mass M < 1010 M . To a minor extent, this is the result of incompleteness,
since passive galaxies with lower mass, and hence luminosity, become harder to detect.
From the simulation using model galaxies in the GOODS-S Deep field mosaics, we
confirm that the early-type galaxies with “de Vaucouleurs” light profile (Sérsic Index
= 4) are 90% complete with H < 26. Clearly, however, such a small incompleteness
alone cannot explain the lack of low–mass passive galaxies at z ∼ 2, and in fact
such low–mass galaxies are actually detected by the SED selection, as shown in the
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right panel of Figure 2.3 which illustrates how massive red galaxies are rarely starforming, and more actively star-forming galaxies are bluer and have lower masses.
Furthermore, obscured star–forming galaxies in the same redshift range and with
similar rest–frame (U-V) colors are detected in significantly larger number even at
lower masses, as the right panel of the Figure shows. This fact strongly suggests
that the quenching of star-formation at this epoch is tightly correlated with the mass
of the galaxies, with the most massive ones being significantly more likely to cease
their star formation activity. At mass M < 1010 M , galaxies appear much less likely
to stop forming stars, a fact that has been observed by other groups. For example,
Kauffmann et al. (2003) and Bell et al. (2007) observed that at z < 1 the stellar
mass value of about 3 × 1010 M

appears to be the transition mass point between

galaxies that belong to the blue cloud (younger stellar populations) and those of the
red sequence.
There is evidence that this transition mass between quenched and star-forming
galaxies has evolved significantly over cosmic time (Bundy et al., 2007) further supporting the downsizing scenario whereby more massive galaxies appear to quench
first, and subsequently lower mass galaxies quench later. At high redshift, quenching
appears to depend on galaxy stellar mass, perhaps through some internal process
that is tied to the total mass of the galaxy of which the stellar one is a good proxy
in passive systems, whereas later, environmental processes can contribute to galaxy
quenching and can affect lower-mass galaxies (e.g. Peng et al 2010, Peng et al 2012).
This process effectively builds up the lower-mass end of the red sequence over time
by quenching lower-mass star-forming galaxies later when environmental processes
become more influential. Our observed deficiency of lower-mass passive galaxies at
z ∼ 2 is consistent with this scenario and the implied mechanisms by which galaxies
quench their star-formation.
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Results from other deep extragalactic surveys have provided constraints on the
buildup of stellar mass locked up in the red sequence, by studying how the bimodality
of galaxy properties has changed over cosmic time. For example, using the COMBO17 and DEEP2 surveys, (Bell et al., 2004; Faber et al., 2007) have studied the evolution
in the rest-frame color bimodality of galaxy samples out to z ∼ 1, finding evidence
that the buildup of the red sequence must be accounted for by a combination of
merging of galaxies already on the red sequence, as well as migration of star-forming
galaxies that have quenched. Recently, Brammer et al (2011) extended the study of
rest-frame color bimodality in galaxies to higher redshift, showing that star-forming
and passive galaxies are still robustly separated in color over the redshift range 0.4 <
z < 2.2, and coming to the similar conclusion that the growth of the red sequence
must come from both merging and migration, particularly for galaxies above the
apparent quenching threshold, M > 3 × 10M . In this context, a possibility is that
that the morphological bimodality we have observed in this study may imply that
some degree of morphological transformation must accompany the quenching of starforming galaxies at z < 1.4, if they are to match the properties of the red sequence
after quenching. Regardless of the dominant mechanisms building the red sequence,
and weather or not the dominant mechanisms evolve with redshift, our result suggests
that the process was already underway at redshift 2. In other words, at this epoch,
the formation of the Hubble sequence is already underway. Further detailed study of
the evolution of morphological properties of galaxies as a function of mass and starformation properties will be required to identify the specific mechanisms contributing
to the growth of the red sequence.

2.7.3

The reliability of non-parametric measures

We mainly use the G, M20 and Ψ to study the morphologies of galaxies at z ∼ 2.
Those non-parametric measures are widely used to study galaxy morphologies at high
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redshift, especially for large samples (Law et al., 2007; Conselice et al., 2008; Law et
al., 2012; Wang et al., 2012). We investigate the robustness of the G, M20 and Ψ
parameters in relation to the SNR in Appendix A and show that any differences
in the estimated parameters for the same galaxies observed in the GOODS-S and
UDF images, whose only difference is the vastly different total exposure time, are
relatively small. Most of the galaxies in our samples ( above 90% of BzK and 70% of
SED selected galaxies) have reliable morphological measurements with S/Npp > 2.5
at z ∼ 2. Moreover, the good correspondence between those parameters and visual
inspection (in Figure 2.14), as well as model-dependent parameters indicates that our
G, M20 and Ψ measures are not biased by low signal-to-noise. We note that Sérsic
index alone is generally not sufficient to quantify the morphology of low mass galaxies
since we find no correlation between Sérsic index and non-parametric measures in the
lower mass systems (M < 1010 M ). Also non-parametric measures more effectively
characterize the morphology of irregular galaxies (LPM04). Therefore, it is crucial to
use non- parametric diagnostics instead of, or at least in parallel with, the commonly
used Sérsic profile to study the morphology of lower mass galaxies and to explore
the origin of the Hubble sequence at z ∼ 2, and epoch when many galaxies appear
irregular.

2.7.4

The good performance of the BzK-selected sample

Both the BzK and SED samples show very similar morphological distributions in
all the analysis done here. The comparison of the two samples confirms that they
are similarly representative of the mix of bright galaxies at z ∼ 2. We additionally
compare the distribution of morphological parameters for the 136 spectroscopically
confirmed BzK galaxies (8 pBzKs and 128 sBzKs, specz sample) to the parent distribution (BzK sample). As expected, the relative distributions of G, M20 and Ψ are
similar to our parent sample, and the median values of each parameter are almost the
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same, with the exception of G in the case of sBzKs. The average G value of BzKs
in the specz sample is slightly higher, since over 70% of the specz sample are bright
and massive (M > 1 × 1010 M ) galaxies, which tend to have higher G. Thus, in conclusion, the very similar results derived from both samples proves the effectiveness of
the BzK selection criteria in sampling the full diversity of the mix of massive galaxies
at z ∼ 2, at least as far as the morphological properties of relatively massive galaxies
are considered. The BzK selection will be particularly effective, for example, in the
other three CANDELS fields where the broad–band photometry is neither as deep or
as broad in wavlength as in the two GOODS fields.

2.8

Chapter Summary

In this chapter, we explore general trends between galaxy morphology and broad–
band spectral types at z ∼ 2 using the HST/WFC3 H–band images taken in the
GOODS–South field as part of the CANDELS survey, in combination with the existing GOODS ACS z-band images, as well as sensitivity–matched images at other
wavelngths that are part of the GOODS data products (Giavalisco et al., 2004). Combining the deep and high-resolution NIR data to optical data, we are able to study
the dependence of morphologies on wavelengths and expand the scope of previous
studies of galaxy morphologies at the same redshift (Kriek et al., 2009; Cameron et
al., 2011; Szomoru et al., 2011; Wang et al., 2012) with significantly larger sample size
and lower mass limit (> 109 M ). The galaxies of our primary sample are selected
in the redshift range 1.4 < z < 2.5 to cover a broad range of spectral types (star–
formation properties and dust obscuration) using SED fitting to spectral population
synthesis models (SED sample). For comparative reasons we also selected galaxies
using the BzK creterion which culled galaxies in the same redshift range and with essentailly identical spectral properties, modulo a large contamination from interlopers
and AGN. Analyses of the two samples show consistent results suggesting that the
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BzK and SED selection criteria are equivalent in sampling the mix of spectral types at
z ∼ 2. We investigate the rest-frame optical morphologies using five non-parametric
approaches, mainly G, M20 and Ψ in addition to C and A, and two model-dependent
parameters obtained by fitting Sérsic profiles, namely n and Re . The major findings
of this study are presented below.
1. In the rest-frame (U-V) color and mass diagram, our sample clearly separates
into red massive passive galaxies with low SSFR and blue star-forming ones with
less massive, high SSFR occupying the same regions in the color-mass diagram
as the galaxies observed in the local universe.
2. We find that galaxies with different spectral types are distinctly classified morphologically as two populations, especially for massive systems (> 1010 M ) : 1)
star-forming galaxies are heterogeneous, with mixed features including bulges,
disks, and irregular (or clumpy) structures, with relatively low G, n and high
M20 , Ψ; 2) passive galaxies are spheroidal-like compact structures with higher
G, n and lower M20 and Ψ. Generally, the sizes of star-forming galaxies are
larger than passive ones, even in massive systems, but some have very compact morphologies, with Re < 1kpc. We confirm using a variety of measures
that star formation activity is correlated with morphology at z ∼ 2, with the
passive galaxies looking similar to local passive ones although smaller, while
star-forming galaxies show considerably more mophological diversity than massive star-forming galaxies on the Hubble sequence today.
3. We show that the morphological analysis only using the Sérsic index is not
sufficient to charaterize differences in morphologies especially for lower mass
galaxies (M < 1010 M ). Therefore we conclude that it is important to use nonparametric measures to investigate the morphologies of high redshift galaxies in
a broad range of stellar masses. In this study, the combination of large samples
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with a suite of morphological diagnaostics, both parametric and non–parametric
ones, as well as visual inspections, gives us a significantly improved description
of the state of galaxy morphologies at z ∼ 2 and its correlations with the spectral
type, i.e. mostly the star–formation activity, expanding the significance and the
scope of previous studies which were based on much smaller samples and only
massive galaxies at the same epoch (Kriek et al., 2009; Cameron et al., 2011;
Szomoru et al., 2011; Wang et al., 2012).
4. Generally, z ∼ 2 galaxies show a similar trend in morphologies with those
measured from the redshifted images of local galaxies, even though many of the
star-forming galaxies have M20 values higher than seen for galaxies in the local
sample. The passive galaxies at z ∼ 2 have G and M20 values that are much
more similar to those observed for the present–day E/S0 galaxies.
5. Comparison of visual images between the rest-frame optical and near UV show
that the morphological k-correction is generally weak, however, the comparison
with non-parametric measures indicates that galaxies observed in the rest-frame
UV are slightly clumpier, with lower G and higher M20 and Ψ, than rest-frame
optical.
Taken all together, our results show that the correlations between morphology
as traced by a suite of common diagnostics, and broad–band UV/Optical spectral
types of the mix of relatively massive galaxies (i.e. M > 109 M ) at z ∼ 2 are
quantitatively and qualitatively similar to those observed for their counterparts in
the local universe. We interpret these results as evidence that the backbone of the
Hubble Sequence observed today was already in place at z ∼ 2.

64

CHAPTER 3
IMPACT OF STAR FORMATION HISTORIES ON
ESTIMATING GALAXY PROPERTIES

3.1

Introduction

A tight correlation between star formation rate (SFR) and stellar mass (M∗ ) indicates that there is a general trend of star formation followed by most galaxies and
that SFRs of them increase over time (Noeske et al., 2007). Despite this important observation, it is extremely common to model the star formation history (SFH)
of star-forming galaxies with an exponentially decreasing SFH (tau model) that we
now know is not always physically representative. Several studies have been suggesting that an increasing SFH is more physically appropriate for star-forming galaxies
(SFGs), especially at early epochs, z >
∼ 2 (Maraston et al., 2010; Popovich et al., 2011;
Lee et al., 2010; Pforr et al., 2012; Pacifici et al., 2013; Behroozi et al., 2013b; Cassará
et al., 2016). For example, Lee et al. (2010) proposed that a rising SFH recovers the
properties of their mock Lyman Break Galaxies better than the tau model. Pforr
et al. (2012) concluded that no SFH can provide accurate determinations of stellar
mass, SFR, and dust reddening, but the exponentially increasing SFH retrieves the
galaxy properties better than the tau model for z > 2 mock star-forming galaxies.
Furthermore, Pacifici et al. (2013) studied the SFHs of SFGs at 0.2 < z < 1.4 using
Bayesian analysis with many model spectral energy distributions (SEDs) and found
that the star formation activity rises more rapidly at high redshifts, implying that
the tau model may not be suitable in constraining the physical properties of SFGs.
Indeed, it is important to use proper SFHs, which recover the intrinsic SFHs, to
estimate galaxy properties accurately through the SED fitting.
65

The way to find a best-fit model that resembles the observations is also important
because of the uncertainties from the fitting method itself. Finding a best-fit model
for a given dataset is often made through a χ2 minimization, assuming that the probability distribution of parameters is Gaussian (Larson et al., 2011). This assumption
can be very dangerous because the probability distributions are more likely to be
non-Gaussian in a multi-dimensional space with heavy parameter degeneracies (Acquaviva et al., 2011). Currently, there are two popular fitting methods: grid-based χ2
minimization, and Markov Chain Monte Carlo (MCMC) technique. The grid-based
χ2 minimization is still commonly used, but the MCMC technique is better for following reasons. First, MCMC is more efficient in that only informative regions are
considered, while the grid-based one spends a large fraction of its time in uninteresting ranges of values for each parameter. Second, MCMC avoids a biasing assumption
on a shape of the probability distribution function. Third, it provides a full set of
posterior parameter distributions allowing direct inspection for the posteriors degeneracies that could bias our interpretations of the fits. In particular, as the number of
model parameters increases, MCMC technique allows statistically more sophisticated
and reliable estimation of parameter expectation values and uncertainties (Acquaviva
et al., 2011; Conroy, 2013).
In this study, we aim to improve the reliability of the galaxy properties derived
from SED fitting. The success of the SED fitting depends on the quality of the
available photometry and the robustness of the fitting algorithm (Lee et al., 2010;
Pforr et al., 2012). Cosmic Assembly Near-infrared Extragalactic Legacy Survey
(CANDELS) is the best available data in this regard. We use high-quality UV to
NIR photometry and accurate photometric redshift from the CANDELS/Deep survey
and SpeedyMC, the SED fitting code using MCMC technique based on Bayesian
statistics (Acquaviva et al., 2012). The unique point of this work is that we adopt
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various parameterized SFHs to investigate the effect of the choice of different SFHs
and provide the best matched SFH for each galaxy.
The structure of this chapter is as follows. In section 3.2, the multi-wavelength
photometry in the GOODS-S and -N fields from CANDELS and the selection of
the galaxy sample used in this study are introduced. SpeedyMC is fully described
in Section 3.3. The validation of the SpeedyMC using the simulated galaxies from
the CANDELS mock catalog is performed in Section 3.4. In Section 3.5, we compare
stellar mass, age, E(B-V), and SFR obtained from the SED fitting using various SFHs.
In Section 3.6, we compare SFRs estimated using various SFHs to SFRs from UV and
IR emissions. In Section 3.7, we select the best-fit SFH for each galaxy in our sample
and discuss characteristics of the galaxies having different best-fit SFHs. We conclude
this chapter with a summary in Section 3.8. Our reference cosmology assumes Ωtot =
1, matter density Ωm = 0.27, and Hubble constant H0 = 70 km/sec/Mpc.

3.2

Data

CANDELS observation (Koekemoer et al., 2011; Grogin et al., 2011) is a MultiCycle Treasury program, having the deepest images in the optical and near-IR from
the Hubble Space Telescope (HST). Also, it has the best auxiliary photometry available in mid-infrared (3.6-8.0µm) from the Spitzer Space Telescope, extending the
observed wavelength ranges to 8µm (Ashby et al., 2013), and also in UV with groundbased observations. The CANDELS project is organized as a two–tier Deep+Wide
survey. The CANDELS/Deep survey covers about 130 square arc minutes to about
10-orbit depth within GOODS-North and -South at F105W(Y), F125W(J) and F160W(H),
while the Wide survey covers a total of ∼ 800 square arc minutes to about 2-orbit
depth within all five CANDELS fields (including COSMOS, EGS, and UDS).
In this chapter, we use the CANDELS/Deep survey within GOODS-S and -N
fields, which has a 5σ point source limiting depth of HAB = 27.7. The multi-
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wavelength photometry used is from the WFC3/F160W (H-band) selected multiwavelength catalog including photometry from the HST/ ACS images in the BViz
and F814W; from WFC3/IR images in the F098M (only in the GOODS-S), F105W,
F125W, and F160W; from VLT/VIMOS U and VLT/ISAAC Ks images; and from
the Spitzer/IRAC images at 3.6, 4.5, 5.8 and 8.0 µm (GOODS-S: Guo et al. (2013),
GOODS-N: Barro et al., in preparation). The photometry is obtained using a software
package with an object template-fitting method (TFIT, Laidler et al. (2007)).
The photometric redshifts measured from Dahlen et al. (2013) for CANDELS
are used (CANDELS photo-z) unless the spectroscopic redshifts are available (about
6% of our sample). Dahlen et al. (2013) investigated photometric redshifts from 11
different methods for CANDELS/GOODS-S deep fields and found that combining the
results from multiple codes significantly reduce the photometric redshift scatter and
the outlier fractions when compared to the redshifts obtained from any single code.
The CANDELS photo-z is computed based on a hierarchical Bayesian approach that
combines the full probability distributions from different codes, and it has rms of
(photo-z–spec-z)/(1+spec-z)∼0.03 when about 3% outliers are excluded.
In the GOODS-S and -N fields, 43,351 galaxies are identified at 1 ≤ z ≤ 4. We
limit our sample with the signal-to-noise ratio (S/N) in H-band > 10 and Sextractor
PhotFlag= 0. SExtractor PhotFlag is used to designate suspicious sources that fall
in contaminated regions (Guo et al., 2013). PhotFlag= 0 indicates non-contaminated
sources without star spikes, halos, and bright stars with those spikes/halos or excludes
sources at the image edges or on the few artifacts in the F160W image. Additionally,
the galaxies only having SED fitting quality flag = 1 are included in our final sample to
exclude bad fittings with a poor convergence of the chains computed from SpeedyMC
(see section 3.3 for more explanation for the quality flag). As a final sample, we use
18,512 galaxies at 1 ≤ z ≤ 4, and more than 80% of them have HAB < 26.0.
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Figure 3.1: Rest-frame U-V vs. V-J colors for galaxies at 1 ≤ z ≤ 4 in the GOODS-S and
-N fields from CANDELS. Based on Equation 3.1 (red dashed line), we identify 303 QGs
and 18,209 SFGs.

3.2.1

Rest-frame UVJ color-color selection

In the big picture, galaxies are divided into late-type star-forming galaxies in a blue
cloud and early-type quiescent galaxies in a red sequence (Bell et al., 2003, Baldry
et al., 2004, Faber et al., 2007). Since their intrinsic star formation histories are
clearly distinct, we need to identify galaxies at least two populations and investigate
their SFHs separately. The color-color selections based on the rest-frame U-V and
V-J colors are used to classify QGs in this regard. In the color-mass diagram, the
majority of massive star-forming galaxies (SFGs) are red due to U-V colors reddened
by dust. Dusty SFGs and QGs can effectively be outshined by including rest-frame
V-J colors (Williams et al., 2009). Therefore, QGs are characterized by red U-V
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colors and bluer V-J colors relative to SFGs having same U-V colors, defined as

U − V > 0.88 × (V − J) + 0.49, U − V > 1.3, V − J < 1.6.

(3.1)

Figure 3.1 depicts rest-frame (U-V)–(V-J) diagram for our galaxy sample at 1 ≤
z ≤ 4. The rest-frame colors are measured from the EAZY software (Brammer et
al., 2008) with the template set of Muzzin et al., 2013. Based on Equation 3.1, we
identify 303 QGs among 18,512 galaxies, which is about 2% of the sample.

3.3
3.3.1

SED fitting via SpeedyMC
SpeedyMC

SpeedyMC is an updated version of GalMC, which is a publicly available MCMC
algorithm based on Bayesian statistics (Acquaviva et al., 2011). Figure 3.2 briefly describes the many-step process performed by GalMC to obtain the predicted spectrum
as a function of the SED parameters (see Acquaviva et al. (2012) for more details).
After applying the appropriate filter curves to synthetic SEDs (SPS models, Bruzual
& Charlot (2003) in this study), the model can be compared with the observed data
to obtain a χ2 (or likelihood value). The process of the parameter fitting is based on
Bayesian statistics so that the validity of a model is evaluated through the posterior
probability, which is proportional to the product of the likelihood of data and the
priors applied to model parameters. Each point of the chain is called a sample. Once
a sufficient number of samples are obtained (or in MCMC parlance, the chains have
converged), they can be used to compute the expectation values of parameters and
the associated uncertainties at any confidence level.
Even though GalMC using MCMC technique is more efficient than the grid-based
χ2 minimization method, the exploration of parameter space for a set of several parameters is time-consuming if all the steps in Figure 3.2 have to be performed at
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Figure 3.2: The series of steps performed by GalMC to obtain the predicted spectrum as a
function of the SED parameters. (The illustration taken from Acquaviva et al. (2012))

every step of the chains. SpeedyMC alleviates this computational problem and is
about 20,000 times faster than GalMC. In SpeedyMC, the model spectra are computed once at a grid of locations exploring the entire parameter space. Then, the
MCMC exploration of the parameter space is carried out, but a multi-linear interpolation between the pre-computed spectra is used to compute the model SED at each
step.
In this study, we fit the CANDELS multi–band photometry to the Bruzual &
Charlot (2003) (BC03) spectral population synthesis library, with a Chabrier initial
mass function (IMF) and metallicity fixed to the solar value. We use the Calzetti
law (Calzetti et al., 2000) as a dust obscuration model, together with the Madau
prescription for the opacity of intergalactic medium (Madau, 1995). Redshifts are
fixed to the CANDELS photo-z (or spec-z if available) during the fitting. We include
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the flux from the nebular continuum and line emission by tracking the number of
Lyman-continuum photons and by assuming case B recombination. We then model
the empirical line intensities relative to Hβ for H, He, C, N, O, and S lines as a function
of metallicity according to the prescription in Anders&Fritze-v (2003); Schaerer & de
Barros (2009).
We adopt five different star formation histories defined in Table 3.1 (see next
section for the details): linearly increasing, constant, delayed, exponentially decreasing (tau model), and exponentially increasing (inverted Tau model) SFH. SpeedyMC
performs the SED fitting on the three (or four) dimensional parameter space defined
by stellar mass, age, dust extinction and e-folding time, τ (in the case of τ -related
SFHs). The allowed range of stellar mass is 3.3 × 106 < M∗ /M < 6.5 × 1012 . Galaxy
Age is defined as the age since the onset of star formation, ranging from 100Myr to 13
Gyr. Because small best-fit ages (Age< 100M yr) can be spurious due to the effect of
the photometric scatter (Sawicki , 2012), we set the minimum age as 100Myr. Pforr
et al. (2012) also found that limiting ages > 100M yr gives better results in their
investigation of SED fitting with simulated galaxies. Dust extinction (reddening) is
parameterized by the color excess, E(B-V), assuming the Calzetti dust absorption
law. The lower limit is 0, and the upper limit is set to be 1.0. τ is the e-folding time
used for delayed SFH, tau, and Inverted tau models, ranging from 0.1Gyr to 5 Gyr.
In a Bayesian analysis, the choice of priors in the SED fitting parameters might
significantly affect the estimations of galaxy properties. In our case, the physical
priors are not well known. Thus, we rely on previous studies in which different priors
were tested. Acquaviva et al. (2011) examined effects of three different choices of
prior in the τ variable of the tau model, concluding that a flat prior in ln τ produce
the smallest amount of bias. Later, Acquaviva et al. (2015) also showed that a choice
of a flat prior in ln τ as well as in ln age and ln mass does not lead to any appreciable
bias in the recovery of SED fitting properties for several mock catalogs including more
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realistic star formation histories. In this study, we use a flat prior in ln τ , ln age and
ln mass.
One of the advantages of MCMC technique is that it provides posterior distributions of the galaxy properties estimated from the code, allowing an accurate computation of expectation values and confidence intervals even in the case of non-Gaussian
probability distribution functions. As a final output, we adopt the mean values computed from the posterior distribution. In most cases, the mean and the best-fit values
are close, especially when the posterior distribution is approximately Gaussian. However, the best-fit values are not meaningful when the probability distribution is skewed
or broad. The mean values also show better correlations and lower scatters in the
comparison of stellar masses and ages from different SFHs than the best-fit values.
In a case of bimodal distributions, the mode of the probability distribution would
be a better estimate than the mean. But we find that less than 3% have bimodal
distributions in any SFHs and that the differences between mode and mean values of
the bimodal distributions are not significant.
As mentioned in Section 3.2, we limit our sample to the objects having SED fitting quality flag= 1. The quality flag is a warning sign offered by the SpeedyMC,
which represents the quality of the convergence of the chains. In order to analyze the
convergence of MCMC chains and to obtain marginalized probability distributions,
SpeedyMC uses a publicly available software distributed with CosmoMC, called GetDist (Lewis et al., 2002). The quality flag is assigned using the length of the chain
and the Gelman and Rubin “R” test, which compares the variance of the mean within
and between chains. If several long chains are present and R − 1 < 1, then flag= 1. If
only one (long) chain is used, or if several chains are used, but there is a convergence
problem (R − 1 > 1, common if there are multiple peaks), then flag= 2. If there
are no long chains, then flag= 3. Following the definition of the quality flag, it is
advised not to use the objects with flag= 3. The objects with flag= 2 might still have
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meaningful results but should be inspected more closely. In this study, we choose to
restrict our sample to galaxies having flag= 1 to avoid any possible unreliable results.

3.3.2

Star formation histories (SFHs)
SFH

Definition
SF R(t) ∝ t
SF R(t) = galaxy mass/age (constant)
SF R(t) ∝ τt2 e(−t/τ )
SF R(t) ∝ τ1 e(−t/τ ) (τ > 0)
SF R(t) ∝ τ1 e(−t/τ ) (τ < 0)

Linearly ingreasing SFH (LinInc)
Constant SFH (CSF)
Delayed SFH (Delay)
Exponentially decreasing SFH (Tau)
Exponentially increasing SFH (Inverted Tau)

Table 3.1: Definitions of five SFHs. SFR(t) is the instantaneous star formation rate and
the star formation timescale, τ , is the free parameter during the SED fitting, ranging from
0.1Gyr to 5 Gyr.

We do not know what the intrinsic SFH of each galaxy is and how complicated it is.
Galaxies have complex SFHs, which are hard to reproduce with a simple analytic form.
Nevertheless, as an attempt to investigate SFHs of galaxies at 1 ≤ z ≤ 4, we adopt
five commonly used SFHs in SpeedyMC: linearly increasing (LinInc), constant (CSF)
SFHs, exponentially decreasing SFH (Tau), known as tau model, delayed SFH from
Lee et al. (2010) (Delay), and exponentially increasing SFH (Inverted Tau: InvTau),
which was found to recover galaxy properties better for star-forming galaxies at z > 1
(Maraston et al., 2010; Pforr et al., 2012). The list of five SFHs used in this study
and their definitions are shown in Table 1.

3.4

Validation of SED fitting using simulated galaxies

To validate the performance of SpeedyMC, we use simulated galaxies, for which
the properties are known and well defined. Mock galaxies have been commonly used
to understand the assumptions adopted in the SED fitting (Wuyts et al., 2009; Lee et
al., 2009, 2011; Maraston et al., 2010; Pforr et al., 2012). We use the CANDELS mock
catalog, which is generated with geometries similar to the five CANDELS fields, in
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Figure 3.3: Comparisons of stellar masses obtained from SpeedyMC and simulation. Among
1000 randomly selected mock galaxies, 36 galaxies are classified as quiescent galaxies (red
points). Blue lines represent a linear correlation. < ∆ > and σ represent mean and MAD
of log(V aluederived ) − log(V alueintrinsic ), respectively. M∗ obtained using five SFHs are
almost identical to the intrinsic M∗ , indicating that the SFH does not affect on estimating
stellar mass.
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the GOODS-S field (Somerville et al., in preparation). It is based on a combination
of ROCKSTAR halo catalogs (Behroozi et al., 2013) extracted from the Bolshoi dark
matter only N-body simulation (Klypin et al., 2011) and the Semi-Analytic Models
(SAMs) (Somerville et al., 2012). Briefly, the SAMs include recipes for various physical processes, including gas cooling, star formation, galaxy mergers, stellar-driven
winds, a growth of supermassive black holes, and feedback from black hole accretion.
The magnitudes of mock galaxies are based on BC03 models, which are also used
for the fitting templates, convolved with the star formation and chemical enrichment
evolution of each galaxy as predicted by the SAMs, assuming a Chabrier IMF. The
SAMs implement the dust extinction based on a two-component model (Charlot &
Fall, 2000) including diffuse cirrus in the disk and the dense birth clouds surrounding
new stars. To compute the actual extinction, a ‘slab’ model is used to calculate the
inclination dependent extinction (see Somerville et al. (2012) for detail). The total
amount of energy absorbed by dust is assumed to be re-emitted in IR. The model
uses the dust emission templates of Chary & Elbaz (2001) to determine the SEDs of
the dust emission.
We randomly select 1000 galaxies at 1 ≤ z ≤ 4 from the mock catalog, and
treat them like real galaxies, hence fit their photometry using SpeedyMC to obtain
galaxy properties from the SED fitting. Instead of using rest-frame UVJ colors, 36
mock galaxies are selected as quiescent galaxies having sSFR< 0.01Gyr−1 , because
simulated galaxies do not show the same trend with the observations in the UVJ
diagram. Comparisons of fitting outputs (stellar mass, galaxy age, and SFR) using
five SFHs with intrinsic values from the mock catalog are shown in Figure 3.3, 3.4,
and 3.5. In order to quantify deviation and scatter between intrinsic values from the
mock catalog and the values derived from SpeedyMC, we compute mean and mean
absolute deviation (MAD) of ∆ = log10 (intrinsic value)−log10 (derived value), < ∆ >
and σ. As mean and MAD are close to zero, a value obtained from SpeedyMC is

76

Figure 3.4: Comparisons of galaxy ages obtained from SpeedyMC and simulation. Red
points are quiescent galaxies. Based on < ∆ > and σ, ages obtained using InvTau are
the closet to the intrinsic ages. Tau leads to underestimate ages, while LinInc leads to
overestimate ages. Age estimation from the SED fitting is sensitive to choice of the SFH.
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identical to an intrinsic one. Overall, stellar mass has relatively smaller deviation
and scatter than age and SFR. Our stellar mass estimation is robust because < ∆ >
and σ are significantly lower than photometric uncertainties (0.136dex, and 0.11dex),
which are major contributors to the scatters of estimating stellar mass (Mobasher et
al., 2015). Using simulated LBGs at z > 3, Lee et al. (2010) demonstrated that stellar
masses tend to be robust because of a fortuitous cancellation of the errors in SFR and
age. However, some studies reported underestimation (Maraston et al., 2010, Pforr
et al., 2012) and overestimation (Pacifici et al., 2015) of stellar mass when assuming
the classical tau model. Their conclusion is that the tau model does not represent the
true SFH, causing such discrepancy in stellar mass. We also show in Figure 3.3 that
the M∗ obtained using the tau model have relatively larger deviation and scatter than
those derived using other models. Another issue is the dependence of discrepancies on
the objects’ brightness. Mobasher et al. (2015) studied estimation of stellar masses of
galaxies in the CANDELS/GOODS-S in detail and found that low photometric S/N
seriously affects on the estimation. We obtain a consistent result that stellar masses
are slightly underestimated, and discrepancies between derived and intrinsic values
are larger for some faint low-mass galaxies and most of the quiescent galaxies with
HAB > 26. We also find that deviations and scatters in age and SFR tend to increase
for fainter galaxies. In particular, because most of the quiescent galaxies (> 95%)
in our mock sample have HAB > 26, the derivation of quiescent galaxy properties is
less reliable, even using the tau model which is known to recover properties of high
redshift quiescent galaxies (Wuyts et al., 2009). In Figure 3.4, we show that ages
cannot always be recovered correctly through SED fitting. Significant discrepancies
between derived and intrinsic ages demonstrate that ages are strongly dependent on
SFHs and possibly that our assumed SFH are too simplistic to capture the intrinsic
SFH of the mock galaxies. Ages tend to be underestimated by the tau model and
overestimated by the linear increasing model. We find that among five SFHs, the
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inverted Tau model best recovers ages among five SFHs. SFRs obtained using five
SFHs are overall overestimated in Figure 3.5. Delay and Tau recover intrinsic SFRs
better than increasing SFHs, producing higher SFRs on average. In general, models
with increasing SFHs lead to high SFRs because their SEDs are mostly dominated by
young stars implying a narrower range of UV to optical fluxes which require a higher
dust attenuation than for other SFHs (Schaerer & Pelló, 2005). Large deviations
and scatters from LinInc, CSF, and InvTau are mostly due to the outliers including
quiescent galaxies having unrealistically large SFRs obtained using increasing SFHs.
But, still, SFRs of quiescent galaxies are recovered better with decreasing SFHs (Tau
or Delay). The better recovery of the star-forming galaxies with Tau is inconsistent
with other literature, finding that SFRs are underestimated (Pacifici et al., 2015)
or overestimated (Pforr et al., 2012) when assuming the tau model for star-forming
galaxies at z > 1. Our result might represent that SpeedyMC using an implicit prior
(flat in ln τ ) is responsible for the better performance of Tau for SFGs. Prior is a very
important assumption in the SED fitting using MCMC, but there is no right answer
for setting priors of the fitting parameters. The flat prior we use in ln τ might not
be perfect for quiescent galaxies in this case, and also might be problematic in age
because the SFH is a combination of these two parameters.
We should also note that the age definitions of the mock catalog and SpeedyMC
are different and that the mock catalogs assume a different dust model, and include
variable metallicity histories, and feedback mechanisms. The age estimation might
be strongly affected by the age-dust-metallicity degeneracy (Conroy, 2013). The
mismatch between intrinsic and model SFHs is an another difficulty. If we assume
a simple analytic SFH, the overshining effect due to massive young stars and the
lack of stochasticity in the assumed SFH will lead to significant biases in estimating
galaxy properties (Popovich et al., 2011). We conclude, in agreement with Conroy
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(2013), that age is often an ill-defined parameter in SED fitting, and that using
single-population parameterized SFHs is subject to erroneous results.

3.5

Comparison of galaxy properties obtained using flexible
SFHs

In this section, we compare stellar mass, age, E(B-V) and SFR obtained using five
SFHs listed in Table 3.1 for galaxies at 1 ≤ z ≤ 4 from CANDELS. These comparisons
enable us to understand how galaxy properties vary according to the assumptions of
SFH and underline the importance of using right SFHs for individual galaxies.

3.5.1

Stellar Mass

First, we compare stellar masses obtained using five different SFHs in Figure 3.6.
As mentioned in Section 3.3, < ∆ > and σ represent deviation and scatters of differences between two stellar masses obtained using different SFHs. For the SFGs (blue)
and QGs (red), stellar masses obtained using any SFHs appear to locate near the oneto-one correlation line (orange dashed line in Figure 3.6), and they have < ∆ > and σ
close to zero. Those results indicate that stellar masses obtained using different SFHs
are very similar. Confirming the results from Section 3.4, we find that the stellar mass
is completely insensitive to the choice of SFH. The good Spitzer/IRAC photometry
in CANDELS enables us to derive stellar masses very well, because the rest-frame
optical/IR photometry (i.e. NIR to MIR in observed frames for z < 1) is essential to
accurately derive stellar masses (Stark et al., 2009; Labbe et al., 2010; Gonzalez et
al., 2011; Wilkins et al., 2013), particularly through fitting SEDs of galaxies. The robust stellar mass estimations were also reported by previous studies using simulations
(Lee et al., 2009, 2010; Pforr et al., 2012) and observations (Maraston et al., 2010;
Santini et al., 2015). They found that stellar masses are measured more precisely
independent on SFH than other measures such as ages and SFRs. Although overall
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Figure 3.5: Comparisons of SFRs obtained from SpeedyMC and simulation. Red points
represent quiescent galaxies. SFRs obtained using Tau show the best correlation with
intrinsic SFRs for both mock star-forming galaxies and quiescent galaxies.
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Figure 3.6: Comparisons of stellar masses, M∗ [M ], estimated using five different SFHs.
Bluer color points represent that more SFGs are located at those points, and red points
represent UVJ selected QGs. The orange dashed line indicates the one-to-one correlation.
< ∆ > and σ are average and mean absolute deviation (MAD) of differences between
log(M∗ [X]) and log(M∗ [Y ]) for SFGs (black text) and QGs (red), respectively. As < ∆ >
and σ are close to zero, stellar masses in x and y-axis are almost identical.
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discrepancies between stellar masses obtained using different SFHs are minuscule,
the stellar masses obtained using Tau have the largest deviations and scatters. We
also find that discrepancies between decreasing (Delay and Tau) and increasing (LinInc, CSF, InvTau) SFHs are larger than ones between increasing SFHs or decreasing
SFHs. This implies that extremely different SFHs (like Tau vs. LinInc) cause greater
discrepancies on average even though stellar mass estimates are robust.

3.5.2

Dust obscuration, E(B-V)

E(B-V) obtained using five SFHs are plotted in Figure 3.7. Based on < ∆ > and
σ, E(B-V) estimated using CSF, LinInc and InvTau are almost identical. However,
increasing SFHs yield large E(B-V), i.e. more dust obscurations, for the QGs, producing large scatters in comparisons of E(B-V) between increasing and decreasing
SFHs. Because red QGs rarely have dust, large E(B-V) is not expected for QGs.
This points out that increasing SFHs cannot retrieve intrinsic E(B-V) of QGs and
some SFGs which might be quenching star formation and/or have low dust. Although
E(B-V) is dependent on to the choice of SFHs overall, it is difficult to discriminate
among E(B-V) values obtained using increasing SFHs.

3.5.3

Age

Figure 3.8 represents the comparisons of age estimations using five SFHs. < ∆ >
and σ of ages estimated using different SFHs are larger than ones of stellar masses and
E(B-V), indicating that ages obtained using different SFHs are significantly different.
The discrepancies between increasing and decreasing SFHs are greater than ones
between two increasing SFHs or two decreasing SFHs. Ages of the QGs from CSF
and InvTau tend to be smaller than ones from decreasing SFHs. Because QGs are
normally older than SFGs, ages of the QGs from CSF and InvTau are underestimated.
It is clear that age estimation is significantly sensitive to the choice of SFH. One of the
main reasons is that galaxy age is readjusted itself to give the same stellar mass for

83

Figure 3.7: Comparisons of E(B-V) estimated using five different SFHs. Blue and red
represents SFGs and QGs, respectively. Larger E(B-V) values indicate increasing amounts
of dust obscuration. E(B-V) values show relatively good correlations among different SFHs
and have small ∆ and σ. However, E(B-V) of QGs (and some SFGs) obtained using
increasing SFHs are significantly larger than ones using Tau and Delay.
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different SFHs because we have good IRAC photometry which decides stellar masses
accurately. For example, the ages from LinInc are slightly larger than ones from CSF
because, when assuming LinInc, it takes more time to reach a same stellar mass. On
average, for this reason, ages obtained using LinInc are the largest for all types of
galaxies.

3.5.4

Star formation rate (SFR)

The comparisons of instantaneous SFRs using five SFHs are shown in Figure 3.9.
SFR estimate is largely dependent on age estimate and SFH by definitions, and SFR
is observed to be strongly sensitive to the choice of SFHs in Figure 3.9. Consistent
with the results from M∗ , E(B-V), and age (Figure 3.6–3.8), the comparisons of SFRs
between increasing and decreasing SFHs have larger ∆ and σ, particularly for the QGs
and some SFGs. For instance, the comparison between Tau and InvTau presents the
greatest discrepancies in SFRs. When assuming increasing SFHs, SFRs of the QGs
are unrealistically large. Average SFRs of the QGs obtained using CSF, LinInc, or
InvTau is around 28M /yr. In this respect, SFRs obtained using Tau or Delay are
more appropriate for QGs. There are also some SFGs showing the same trends in
SFR with the QGs. Those galaxies might be quenching their star formation so that
they are better fitted with decreasing SFHs.
We find that the impact of SFHs is strong on estimating age and SFR. As mentioned in Section 3.4, there is a difficulty in determining ages due to the age-dustmetallicity degeneracy and overshining effect. Maraston et al. (2010) found that an
adopted SFH imposes biases on the estimations because the age is very poorly constrained for galaxies with on-going star formation, due to the overshining of an older
generation by the youngest stars, even when these make up just a few percent of the
total stellar mass. For those reasons, it is generally hard to estimate an exact galaxy
age, and hence SFR, with SED fitting using analytic SFHs.
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Figure 3.8: Comparisons of galaxy ages, AGE [yr], estimated using five different SFHs.
Blue density points and red points stand for SFGs and QGs, respectively. < ∆ > and σ of
ages are relatively large, indicating that ages are strongly dependent of the assumption of
SFHs.
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Figure 3.9: Comparisons of instantaneous SFRs, [M /yr], using five different SFHs. Blue
and red colors stand for SFGs and QGs, respectively. The comparisons between increasing
SFH and decreasing SFH (for example, InvTau vs. Tau) show significantly large < ∆ >
and σ, particularly for QGs (and some SFGs).
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3.6

Comparisons of SFRs with various SFR indicators

Without dust extinction, SFR estimated from rest-frame UV lights is more sensitive than SFR estimated from IR or radio data by orders of magnitude because
the rest-frame UV lights are originated mainly from young, massive stars (Madau
& Dickioson, 2014). However, most energy radiated by young stars are heavily obscured by dust at z < 2.5. Since IR emission represents re-emitted UV emission from
completely obscured stars by dust, correctly estimated total IR luminosity (Ltot
IR ) is
a key to measuring the actual SFR of distant galaxies. Currently, Herschel observation enables us to directly measure dust obscurations, hence the Ltot
IR , of individual
galaxies. But, a significant fraction of star-forming galaxies are missed at z > 1 and
far-infrared (FIR) luminosity is limited to bright galaxies because of the sensitivity
limit of Herschel (Elbaz et al., 2011; Rodighiero et al., 2014). In the absence of FIR
data, various SFR indicators have been used to indirectly estimate dust attenuation
of individual galaxies.
1. Ltot
IR can be determined by extrapolating 24µm observation using local SED
templates such as Chary & Elbaz (2001); Dale & Helou (2002); Siebenmorgen
& Kr̈ugel (2007). The extrapolation from 24µm has been widely used to measure
Ltot
IR up to z ∼ 1.5 in many studies (Daddi et al., 2007; Magnelli et al., 2009,
2011; Karim et al., 2011). However, at z > 1.5, this method overestimates
Ltot
IR comparing to other measurements such as the radio continuum at 1.4GHz,
Spitzer-MIPS 70µm and 160µm stacking, and shallower Herschel 70µm fluxes
(Daddi et al., 2007; Papovich et al., 2007; Elbaz et al., 2010; Magnelli et al.,
2011). This excess of Ltot
IR from 24µm is called “mid-IR excess”. Using deep
Herschel data, Elbaz et al. (2011) found that the mid-IR excess problem is due
to the use of local (U)LIRGs SED templates, which are in a starburst mode of
star formation, to measure Ltot
IR from MIPS 24µm photometry of normal starforming galaxies at z > 1.5.
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2. 1.4GHz radio continuum emission is one of the tracers of star formation. Radio
emission is known to be correlated with FIR, and this correlation is constant
with redshifts (Yun et al., 2001; Sargent et al., 2010; Pannella et al., 2015).
Radio-FIR correlation (Bell, 2003) has been used to estimate IR luminosities
(and SFR) of galaxies out to z ∼ 4 (Karim et al., 2011; Pannella et al., 2015). A
major advantage of using the radio emission is an independence of dust attenuation because the radio emission is originated from the non-thermal synchrotron
radiation from cosmic particles accelerated by the remnants of supernovae. So,
it offers relatively unbiased SFR from dust attenuation. However, many studies
have been relying on stacking radio data of undetected sources because it is
hard to achieve deep enough radio observations (Daddi et al., 2007, Karim et
al., 2011, Magnelli et al., 2012, Panella et al., 2009, 2015).
3. The nebular emission lines such as Hα/Hβ and [OII] 3,727 Å are originated
from UV radiation of OB stars in HII regions so that they are often used to
measure SFR (Sobral et al., 2012; Zahid et al., 2012; Lee et al., 2015). However,
corrections of dust obscuration should be combined to Hα and [OII] fluxes.
4. The UV luminosity at wavelength of ∼ 1500Å (1400Å to 1700Å) is regarded
as a good tracer of star formation at z > 1.4 (Madau & Dickioson, 2014).
SFR is computed from dust-corrected UV luminosity with prescriptions such
as Calzetti’s dust attenuation Law (Lee et al., 2011; Rodighiero et al., 2011)
or with dust correction factor from observed colors such as BzK (Daddi et al.,
2004, 2007) and NRK (Arnouts et al., 2013; Lee et al., 2015). One major issue
for using fluxes at optical and UV wavelengths is a difficulty and uncertainty in
correcting dust extinction.
5. SFR obtained from the SED fitting is common to study star formation activities
of individual galaxies, especially, having a lack of information of SFR tracers
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mentioned above. Because many assumptions are required to fit the libraries of
model SEDs to available photometry of a galaxy, a choice of right assumptions
and, at least, understanding discrepancies among different assumptions are essential for achieving reliable outputs of the fitting (Conroy (2013) for a review
of the SED fitting).
In Chapter 3.5, we show that SFR obtained from the SED fitting is significantly
dependent on the choice of SFHs. As an attempt to determine which SFH is an
appropriate assumption to measure SFR of SFGs, we compare SFRs from the SED
fitting using five SFHs to the popular SFR indicators from dust-corrected UV emission
and IR emissions on the assumption that the SFR indicators retrieve intrinsic SFR
of SFGs better.

3.6.1

SFR[SED] vs. SFR from dust corrected UV emission

Figure 3.10 represents SFRs obtained using five SFHs as a function of SFRs measured from dust-corrected UV emission (SFR[UVcor ]). SFR(UVcor ) is computed using
an equation in Madau & Dickioson (2014),

SF R[U Vcor )][M /yr] = 1.48 × 10−28 L1500 [erg/s/Hz],

(3.2)

where, L1500 is the UV luminosity at the 1500Å corrected for dust obscurations using
Calzetti’s law (Calzetti et al., 2000). We remind that we only use SFGs for this
comparison and multiply the right side of Equation 3.2 by a factor of 0.63 to convert
Salpeter to Chabrier IMF (Madau & Dickioson, 2014). SFRs obtained using CSF and
InvTau have the smallest < ∆ > and σ, indicating that they are best correlated with
SFR[UVcor ]. As expected, large discrepancies are obtained in SFRs from Delay and
Tau. This suggests that the commonly used tau model should be avoided to compute
SFRs for SFGs.
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Figure 3.10: SFRs obtained using five SFHs are compared to the SFR[UVcor ]. < ∆ > and
σ are mean values and MAD of ∆ = log10 SF R[U Vcor ] − log10 SF R[SED]. Red dashed
lines represent one-to-one correlation. The Comparison between SFR[UVcor ] and Tau (and
Delay) have larger < ∆ > and σ than other comparisons. SFRs obtained using CSF and
InvTau are likely to be best correlated with SFR[UVcor ].

3.6.2

SFR[SED] vs. SFR from IR+UV emission

In order to measure SFR from IR emission, we compute total IR luminosity,
Ltot
IR = L(8 − 1000µm), which is measured by integrating LIR from 8 to 1000µm.
LIR is measured by fitting the mid to far-IR SED from Spitzer and Herschel to IR
templates created from dusty, IR luminous galaxies at z = 0.5 − 3 (Kirkpatrick et
al., 2015) (K15). K15 is unique for high redshift galaxies because they quantify the
amount of AGN emission to the IR spectrum using Spitzer IRS spectra and photometry from Spitzer/IRAC and MIPS, Herschel/PACS and SPIRE, and ground-based
J and K bands of 343 galaxies at z = 0.5 − 3 that were selected at MIPS 24µm.
This reproduces better both the dust temperature and mid-IR features of compos91

ite SEDs of high redshifts SFGs (z ∼ 2), compared to well-known local templates
such as Chary & Elbaz (2001). We compute Ltot
IR of 1,222 galaxies selected in the
public GOODS-Herschel Elbaz et al. (2011) DR1 catalogs in the GOODS-S and -N
by matching positions in both CANDELS and GOODS-Herschel catalogs. Herschel
PACS flux densities and uncertainties are extracted from the PSF fitting using Spitzer
MIPS 24 µm prior positions. The source catalogs containing Spitzer/MIPS 24 µm,
70µm(only GOODS-S) and Herschel/PACS 100µm, 160µm bands are used to compute Ltot
IR . So, the maximum four bands (3 bands for the GOODS-N) are used, which
is about ∼ 17%(22%). Herschel objects contaminated by bright neighbors can influence IR spectrum (Hwang et al., 2010; Elbaz et al., 2011). Hence it is advised to
use unconfused objects with Clean index < 1, representing that at most one bright
neighbor at 24µm within 20 arcsec is accepted. Although only 7% of our IR sample
have Clean index < 1, we confirm that our result does not change upon limiting Clean
index.
Ltot
IR , measured using K15 for 1,222 galaxies at 1 ≤ zle4, is converted to SFR as
following a calibration from Madau & Dickioson (2014),
SF RIR [M /yr] = 1.72 × 10−10 Ltot
IR (L ).

(3.3)

Note that 0.63 is multiplied to the right side of this equation to convert Salpeter to
Chabrier IMF. In addition to the IR emission, UV emission that reflects the contribution of unobscured stars is necessary to compute SFR from the entire spectrum of
a galaxy. The total SFR is a sum of SFRs from dust-uncorrected UV and obscured
IR emission, SF R[IR + U Vuncor ] = SF R[IR] + SF R[U Vuncor ]. Here, SF R[U Vuncor ]
is a SFR from dust “uncorrected” UV emission, which is computed with the same
formula of Equation 3.2 with L1500 without dust corrections.
Comparisons between total SFR and SFR from SED fitting using five SFHs are
described in Figure 3.11. Overall, < ∆ > and σ are larger than those obtained from
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Figure 3.11: SFRs obtained using five SFHs are compared to the total SFR,
SFR[IR+UVuncor ], for 1,222 IR selected SFGs. < ∆ > and σ are deviation and scatter
of differences between two SFRs in x and y-axes. Red dashed lines represent one-to-one
correlation. SFRs from CSF and InvTau have smaller < ∆ > and σ than ones from other
SFHs, implying that CSF and InvTau are in the best agreement with SFR[IR+UVuncor ].

comparisons with SFR[UVcor ]. It is possible to have more scatters due to photometric uncertainties from IR observations. However, again, we do not find significantly
better correlations or less scatters when only the clean Herschel sample is used. Not
surprisingly, SFRs obtained using increasing SFHs are in better agreement with estimators of SFR derived from UV and IR emissions. Among increasing SFHs, we find
that LinInc and InvTau yield the smallest degeneracies, i.e. the best correlation with
total SFR. Underlining the result from Section 3.6.1, the comparison between total
SFR and SFR estimated using Tau presents the biggest discrepancies.
Consequently, our results demonstrate that Delay and Tau are not suitable for
the majority of SFGs. Models with increasing or constant SFH such as LinInc, CSF,
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InvTau are in the best agreement, presenting the smallest deviation and scatter,
with other indicators of SFR, such as SFR from dust-corrected UV and IR+dustuncorrected UV.

3.7

Best-fit star formation histories

The analysis of galaxy properties obtained using various SFHs does not tell us
what the intrinsic SFH is. For example, it is difficult to discriminate the SFH between
LinInc and InvTau or between Delay and Tau. In this section, we aim to propose an
appropriate SFH for each galaxy through finding best-fit SFH among five SFHs.

3.7.1

Selection of the best-fit SFH

In order to select the SFH model best fit to the data, we use three sample selection methods; maximum of the likelihood (ML), Akaike Information Criterion (AIC),
Bayesian Information Criterion (BIC).
1. The maximum of the likelihood (ML) is a commonly used criterion to compare
different models. In the case of data from normal (Gaussian) distribution with
known variance, the log likelihood becomes the same format with −χ2 . Thus,
the −2ln(M L) correspond to the minimization of χ2 . We compare the ML
determined from the SpeedyMC using five SFHs, and then find the best-fit
SFH (BF SFH) as the model having the least reduced χ2 , which is defined as
2ln(M L)
χ2
=−
,
reduced χ =
N −k−1
N −k−1
2

(3.4)

where, N denotes the sample size, i.e., the number of observed bands in our
study, and k is the number of free parameters.
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2. AIC is a model selection adding a penalty term to the ML, defined as

AIC = 2k − 2ln(M L),

(3.5)

where, 2k is a penalty term. By adding the penalty, AIC would achieve a
balance between over-fitting and under-fitting the data. AICc is the corrected
AIC, used for finite sample sizes. AICc puts a greater penalty than AIC by
adding extra parameters as

AICc = AIC +

2k(k + 1)
.
N −k−1

(3.6)

Given a set of candidate models for the data, the preferred model is the one
with the minimum AICc value. We select the BF SFH by minimizing AICc of
each galaxy.
3. BIC is a criterion for a model selection, similar with AIC. BIC is defined as

BIC = −2ln(L) + kln(N ).

(3.7)

By definition, lower BIC implies fewer variables, a better fit or both. We select
the BF SFH as the model having the lowest BIC among five SFHs.
Figure 3.12 depicts distributions of the BF SFHs selected with reduced χ2 , AICc
and BIC. Most of the QGs are best-fitted with Tau or Delay regardless of model
selection criteria. For SFGs, the BF SFHs selected using AICc are very similar to
ones selected using BIC. CSF is the most favored SFH for the SFGs with AICc and
BIC. With reduced χ2 , however, the most preferred model is Tau for the SFGs. The
Large discrepancies between AICc (BIC) and reduced χ2 are mainly due to the SFGs
having different BF SFHs from different model selections. We find that about 13%
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Figure 3.12: Histograms of the BF SFHs selected using reduced χ2 (solid grey line), AICc
(dashed black line) and BIC (dashed blue line). Three selections work equally for the QGs.
For the SFGs, the selections with BIC and AICc are very similar, while there are notable
differences between AICc (BIC) and reduced χ2 . About 2,000 galaxies (13%: outliers) have
the BF SFH as CSF with AICc, but have Tau with reduced χ2 .

of galaxies have CSF with AICc, but have Tau with reduced χ2 (outliers). Because
we do not know which selection method is better to choose the BF SFH, a significant
discrepancy among different model choices can be a critical issue to address the BF
SFH. Only 4% of galaxies have different BF SFHs between AICc and BIC, and the
galaxy properties obtained using the BF SFHs selected with those two selections are
almost identical. For example, the difference of ages obtained using the BF SFHs
selected from AICc and BIC is minuscule with < ∆ >= 0.003, σ = 0.008, indicating
that the selection of the BF SFH using AICc and BIC is indistinguishable. Therefore,
we compare M∗ , age, E(B-V), and SFR obtained using the BF SFHs selected with
reduced χ2 and AICc in Figure 3.13. Overall, the galaxy properties between two
selections are similar. The QGs obtain almost identical properties in both selections.
In the histogram of each panel, differences of galaxy properties of all galaxies and
the QGs appear to peak at zero. The outliers (green points and histograms) show
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Figure 3.13: Comparisons of M∗ , Age, E(B-V), and SFR estimated using the BF SFHs
selected with reduced χ2 and AICc. Blue colors represent SFGs, and red points represent
QGs. The galaxy properties obtained using the BF SFHs chosen with reduced χ2 are
similar to ones chosen with AIC, except for the outliers (green points). The small insect
in each panel represents the histogram of differences between x and y axes, defined as
∆=X[χ2 ]-Y[AICc]. Black, red and green histograms are for all galaxies, QGs, and outliers,
respectively. The outliers are galaxies having CSF with AICc, but Tau with reduced χ2 .
They have similar M∗ , E(B-V), and SFR between different selections, but have larger ages
using CSF selected with AICc than ages using Tau with reduced χ2 .
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Figure 3.14: Histograms of the BF SFHs selected with reduced χ2 (solid grey), AICc (dashed
black), and BIC (dashed blue) for simulated galaxies, respectively. There are no significant
differences among different model selections.

M∗
AGE
SFR
<∆>
σ
<∆>
σ
<∆>
σ
2
χ
0.062 0.074 0.201 0.156 0.170 0.210
AICc 0.064 0.075 0.216 0.150 0.165 0.210
BIC 0.065 0.076 0.221 0.148 0.164 0.210
Table 3.2: Mean and MAD of log10 (derived values) [SpeedyMC] - log10 (intrinsic values)
[MOCK]. Derived values are using the BF SFHs selected with reduced χ2 , AICc and BIC,
respectively.

noticeable differences in ages. Ages of the outliers having CSF selected with AICc
are larger than ones having Tau selected with reduced χ2 . This indicates that the BF
SFHs of those outliers cannot be constrained with a choice among five SFHs or the
model selections used in this study cannot discriminate the BF SFHs of them.
To investigate the selection of the BF SFH further, we compare the BF SFHs
selected with three selection methods using simulated galaxies in Figure 3.14. Interestingly, there are no significant differences in the BF SFHs among three choices.
The mock quiescent galaxies are best-fitted with Tau and Delay, while the majority
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of the mock star-forming galaxies have Tau as their BF SFHs. The deviations and
scatters of differences between intrinsic values from the mock catalog and derived
values obtained using the BF SFHs are listed in Table 3.2. The different selections
achieve almost identical performances, so it is hard to distinguish the best model selection method among χ2 , AICc and BIC. In this study, we decide to use the BF SFHs
selected with reduced χ2 for further analysis because the BF SFHs selected with reduced χ2 recover ages slightly better than ones chosen with the other selections (ages
from reduced χ2 have the smallest < ∆ > in Table 3.2).

3.7.2

The best-fit SFH with reduced χ2

Figure 3.15: Histograms of the BF SFHs of all sample in this study (gray), SFGs (blue) and
QGs (red). Tau is the most favored SFHs for all cases. But, more than half of the SFGs
have increasing SFHs including LinInc and CSF as their BF SFHs, while most of the QGs
(about 90%) have Tau and Delay SFHs as their BF SFHs.
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Figure 3.16: Fractions of the BF SFHs as a function of stellar masses (left) and redshifts
(right). Green, blue, violet, dark gray and orange points and lines represent galaxies having
LinInc, CSF, Delay, Tau and InvTau as their BF SFHs, respectively. Left: the fractions of
increasing SFHs dramatically decrease with stellar masses, while the fractions of decreasing
SFHs increase. Most of the galaxies having log10 M∗ < 9.0 are best-fitted with CSF or
LinInc, but Tau becomes the most favored SFHs after about log10 M∗ = 9.0. Right: There
is no significant trend with redshifts at z < 3. However, the majority of galaxies have
increasing SFHs at z > 3.

The fractions of the BF SFHs selected with reduced χ2 are shown in Figure 3.15.
As a result, 25%, 30%, 5%, 39% and 1% of galaxies have LinInc, CSF, Delay, Tau
and InvTau as their BF SFHs, respectively. Tau is the most favored SFH of all galaxy
types. Most of the QGs (about 90%) have Tau or Delay as their BF SFHs, while SFGs
have increasing SFHs (CSF and LinInc) more than decreasing SFHs (Delay and Tau).
It is of interest that very small fractions of SFGs have Delay (13%) and InvTau (3%)
as their BF SFHs. Delay (Lee et al., 2010; Speagle et al., 2014) and InvTau (Pforr et
al., 2012) are proposed to recover stellar mass and SFR of high redshift star-forming
galaxies better than other SFHs. However, we find that Delay and InvTau are not
preferred SFHs for the SFGs at all.
In Figure 3.16, we study how the BF SFH is related to stellar mass (left) and
redshift (right). For the galaxies with M∗ < 109 M , the fraction of galaxies having
Tau decreases, while the fractions of galaxies having LinInc and CSF increase. Most
of the low mass galaxies at z > 1 might be young star-forming galaxies, which are
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Figure 3.17: The relative distributions of the secondly best-fit SFH (i.e. the SFH having
the secondly minimum reduced χ2 values) for galaxies having different BF SFHs. For
example, the first histogram shows that about 80% of galaxies best-fitted with are secondly
best-fitted with CSF. The galaxies having increasing SFHs (or decreasing SFHs) also have
another increasing SFHs (or decreasing SFH) as their secondly best-fit SFHs.
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expected to have increasing SFHs. As stellar masses increase, more galaxies are
best-fitted with Tau and the fraction of galaxies having Delay increases, representing
that massive galaxies tend to be best-fitted with decreasing SFH. In the right plot
of Figure 3.16, the correlation between the BF SFHs and redshifts is weak. Tau is
a preferable SFH at z < 3. However, we find that the fractions of galaxies having
increasing SFHs are notably large at z > 3, which is consistent with Lee et al.
(2010) that demonstrated a better recovery of galaxy properties using a rising SFH
for galaxies at z > 3.
If differences of reduced χ2 among different SFHs are insignificant, we cannot
discriminate the BF SFHs among five SFHs by minimizing reduced χ2 . Figure 3.17
depicts the relative distributions of SFHs having the secondly minimum reduced χ2
for galaxies having the different BF SFHs. We find that the majority of galaxies bestfitted with LinInc have the second lowest reduced χ2 values with CSF, while most
galaxies best-fitted with Tau are secondly best-fitted with Delay. Overall, galaxies
having increasing (decreasing) SFHs as their BF SFH tend to have another increasing (decreasing) SFHs as their secondly best-fit SFH. We find that galaxies having
increasing SFHs are barely secondly best-fitted with Tau or Delay. Our results demonstrate that the selection of the BF SFH using reduced χ2 is a reliable to know that
galaxy’s SFH is increasing or decreasing at least. In Section 3.5, we confirm that the
large discrepancies are mostly obtained when we compare properties obtained using
increasing to decreasing SFHs. Taken all together, using the BF SFH for each galaxy
can be a better approach to measuring galaxy properties accurately than using just
one SFH, such as commonly used Tau, for all galaxy types.

3.7.3

Verifying the best-fit SFHs using simulated galaxies

Using simulated galaxies in Section 3.4, we compare their intrinsic values from
the mock catalog to the values derived using the BF SFHs in Figure 3.18. In the top
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SFH
LinInc
CSF
Delay
Tau
InvTau
BF SFH

M∗
AGE
SFR
<∆>
σ
<∆>
σ
<∆>
σ
-0.02 0.08 0.22 0.18 0.53 0.50
-0.04 0.08 -0.07 0.18 0.49 0.50
-0.07 0.08 -0.18 0.13 0.23 0.22
-0.08 0.08 -0.32 0.12 0.13 0.18
-0.04 0.08 -0.01 0.19 0.51 0.50
-0.06 0.07 -0.20 0.16 0.17 0.21

Table 3.3: Mean and MAD of log10 (derived values) [SpeedyMC] - log10 (intrinsic values)
[MOCK]. Derived values are obtained using five SFHs and the BF SFH selected with reduced
χ2 .

panels, the BF SFHs retrieve the intrinsic M∗ , but ages and SFRs estimated using the
BF SFHs are significantly different from the intrinsic ages and SFRs. The histograms
of difference between intrinsic and derived values (∆) in the bottom panels show that
stellar masses and ages are underestimated, and SFRs are overestimated on average.
∆ of M∗ , age and SFR are well distributed within one σ, which means that the
differences between intrinsic values and derived values obtained using the BF SFHs
are insignificant. In Table 3.3, deviations and scatters of differences between intrinsic
values and derived values obtained using different SFHs are listed. Even though the
BF SFH is not the best model recovering all galaxy properties (and there is no best
SFH for all properties), we find that overall performance of the BF SFH is better
than other SFH. Moreover, the deviation and scatter from the BF SFH are relatively
smaller than the uncertainties induced from the SED fitting technique (Conroy, 2013).
We further investigate the main sequence (MS) of mock star-forming galaxies
obtained using different SFHs in Figure 3.19. Tight MS of simulated galaxies is
shown in the left panel. Ths intrinsic MS slope is explained with a single powerlaw, with a slope∼ 1.1 (orange line). Six plots in the right panel show correlations
between SFR and M∗ obtained using five SFHs and the BF SFH, where the blue
lines represent the derived MS slopes. The derived MS slopes for increasing SFHs
(CSF, LinInc, and InvTau) are almost identical to the intrinsic slope as about unity,
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Figure 3.18: M∗ , age, and SFR obtained using the best-fit SFHs selected with reduced χ2
for simulated galaxies. Top: Comparisons of M∗ , age, and SFR obtained from between
the mock catalog and SpeedyMC using the BF SFHs selected with reduced χ2 . Bottom:
Histograms of differences (∆) between intrinsic values and derived values obtained using
the BF SFHs. Blue line is ∆ = 0. Orange solid lines and dotted lines represent mean and
MAD of ∆ in Table 3.3.

but normalizations of those MS are higher than the intrinsic one. For CSF, LinInc,
and InvTau, mock quiescent galaxies are located on the MS, which means that SFR
and M∗ cannot be retrieved using the increasing SFHs. For Tau, Delay, and the BF
SFH, the derived MS slopes are shallower (0.91-0.95) than the intrinsic one, due to
lower SFRs at high masses, but the shape and dispersion of the intrinsic MS are
recovered better when assuming Tau and Delay. In Chapter 3.4, we also have shown
that SFRs of the mock star-forming galaxies obtained using Tau are best correlated
with intrinsic SFRs. We want to note that our result is in disagreement with Pacifici
et al. (2015) suggesting that the oversimplified tau model with simple dust law and
no emission lines cannot recover the main sequence on the SFR and M∗ because the
stellar mass is overestimated and SFR is underestimated at 0.7 < z < 2.8.
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Figure 3.19: SFR-M∗ diagrams of simulated galaxies. Red points represent quiescent galaxies classified in Section 3.4. Left: the main sequence (MS) slope is about 1.1 (orange line).
Right: we plots SFR and M∗ derived using five SFHs and the BF SFH, respectively, in
each panel, and the blue lines are the derived MS slopes. The intrinsic MS slope (orange)
is over-plotted for a comparison. The MS slopes from CSF and InvTau are the closest to
the intrinsic one, but the normalizations of those MS are slightly larger than the intrinsic
one. Delay and Tau, and BF SFH have slightly lower MS slopes (∼ 0.91 − 0.96), but overall
correlation between SFR and M∗ appear to be similar to the intrinsic MS.

Note that the derived MS slope using Tau is the shallowest (0.91) and < ∆ > of
SFRs with Delay (0.23) is greater than one of BF SFH (0.17) as shown in Table 3.3.
In this regard, one can argue that the BF SFH recover intrinsic values better than
Delay and Tau. Overall, our results clearly demonstrate that the BF SFHs constrain
the intrinsic galaxy properties better than one simple SFH.

3.7.4

Star formation histories in the SFR-M∗ plane

Tight relation between SFR and M∗ of star-forming galaxies has been studied in
many observational studies since the first discovery by Noeske et al. (2007), and this
is called “main sequence (MS)” of star formation. The slope of the MS is normally
explained with a single power-law with α ∼ 0.7 − 1.0, while there are recent studies
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Figure 3.20: SFR-M∗ diagram at 1 < z < 2, 2 < z < 3, 3 < z < 4. First column: all galaxies
at each redshift bin are plotted with SFR and M∗ estimated using their BF SFHs. Red points
are rest-frame UVJ selected QGs. The MS (magenta line) for the SFGs (black points) is
computed with Equation 8. Second-fourth columns: galaxies having LinInc (green)/InvTau
(orange), CSF (blue) and Delay (violet)/Tau (grey) are plotted, respectively. The MS from
the first column is over plotted.

which revealed the decrease of SFRs at high masses (Whitaker et al., 2012b; Lee et
al., 2015; Schreiber et al., 2015; Tomczak et al., 2016). Using different SFRs and
stellar masses obtained from the various fitting methods can significantly affect the
slope of the MS (Speagle et al., 2014). Furthermore, Cassará et al. (2016) underlined
the importance of using a broad range of SFHs when fitting the SEDs of high-redshift
galaxies by investigating the impact of various parameterized SFHs on the MS for
spectroscopically confirmed galaxies at z > 2. In this context, we study galaxies
having different BF SFHs in the SFR-M∗ diagram at 1 < z < 4.
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In Figure 3.20, we use galaxies having M∗ > 109 M , and divide the sample into
three redshift bins, 1 < z < 2, 2 < z < 3 and 3 < z < 4. At this mass range, the
sample is 75% complete in CANDELS (Tal et al., 2014). Note that SFR and M∗
are estimated using the BF SFHs. In the first column, most of the SFGs (black) are
located on the MS, while the QGs (red) are located below the MS. We fit mean values
of log(M∗ ) and log(SF R) for only SFGs at each redshift bin with a polynomial model
provided by Lee et al., 2015. The model is defined as
h
 10M (−γ) i
S = S0 − log 1 +
,
10M0

(3.8)

where S = log(SF R) and M = log(M∗ /M ). γ is the power-law slope at lower stellar
masses, S0 is the maximum value of log(SF R) that the function is asymptotically
approached at the high stellar mass, and M0 is a turnover mass, the stellar mass point
where the MS slope is changed (see Lee et al. (2015) for further details). As a result
of fitting MS using Equation 8 (magenta line), we find that SFRs decrease below M0 ,
10.74 and 10.82 at 1 < z < 2 and 2 < z < 3, respectively. At z < 3, the slopes
below and above M0 are computed with a broken power-law, and 0.75 (slope above
M0 : 0.47) and 0.84 (0.21) are obtained at 1 < z < 2 and 2 < z < 3, respectively. At
z > 3, the MS is explained with a single power law with a slope ∼ 0.81. We speculate
two reasons for that there is no curved MS at z > 3. First, if the bending of the MS
is genuine at all redshifts, a lack of the massive galaxies at z > 3 may result in a
statistically poor estimation of the MS at high masses. Second, the fact that majority
of z > 3 galaxies have increasing SFHs leads to gradually increasing SFRs with M∗ .
Galaxies having different BF SFHs are shown separately in the second to fourth
columns in Figure 3.20. We find that the galaxies having different SFHs show distinct
distributions in the SFR-M∗ diagram. In the second column, the galaxies having
LinInc (green) tend to be slightly above the MS. The galaxies having CSF (blue in
the third column) and InvTau (orange) are generally on the MS but do not show the
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Figure 3.21: Fractions of the BF SFHs with specific star formation rates (sSFR). Galaxies
with sSFR< 10−9.5 /yr have Delay or Tau as their BF SFHs. As sSFR increases, more
galaxies are best-fitted with CSF and LinInc, while the fractions of galaxies having Delay
and Tau decline.

change in slope with increasing mass. In the last column, the galaxies having Tau
are located on/below the MS, and galaxies with Delay (violet) are mostly positioned
below the MS. The location of these decreasing SFHs in the SFR-M∗ diagram is
expected because star formation of galaxies located below the MS is known to be
quenching or quenched. At z < 3, the galaxies having Tau follow the curved MS. In
contrast, at z > 3, the galaxies having Tau are located slightly below the MS, and
most of the massive galaxies having Tau or Delay are QGs. Our results imply that
massive galaxies with decreasing SFHs cause the flattening of the MS at high masses.
Recently, Cassará et al. (2016) investigated SFHs of z > 2 galaxies in the SFRM∗ diagram using 28 parameterized SFHs, mainly divided into three SFHs, rising,
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constant, and decreasing SFHs. Consistent with our results, they found that normal
MS galaxies mostly have constant SFHs, galaxies above the MS have rising SFHs,
and galaxies having decreasing SFHs have lower SFRs and higher masses. At higher
redshifts, Lee et al. (2014) demonstrated that the correlation between SFR and M∗ of
rest-frame UV-selected SFGs at 3 < z < 5 match the expectation from SAMs better
with a rising SFH than an exponentially declining SFH. Their finding is in agreement
with our result that majority of z > 3 galaxies are best-fitted with CSF and LinInc,
and their MS is rather explained by a single power-law.
In addition, we investigate the relation between specific star formation rates
(sSFR) and the BF SFHs in Figure 3.21. We find that all galaxies with sSFR<
10−9.5 /yr are best-fitted with Delay or Tau, confirming that galaxies having little
star-forming activities are experiencing decreasing SFHs without exceptions. As sSFR
increases, the fractions of galaxies having CSF and LinInc increase, while the fractions of galaxies having Delay and Tau dramatically decrease. At the highest sSFR,
galaxies are best-fitted with increasing SFHs (mostly LinInc). Overall, there is a close
relation between the SFH and position of a galaxy in the SFR-M∗ diagram, i.e. star
formation activities.

3.7.5

Correlation between galaxy morphologies and star formation histories

Star formation activities are known to be strongly correlated with galaxy morphologies (Wuyts et al., 2011; Lee et al., 2013). After finding that different SFHs are
closely related to galaxy’s star formation activities, we continue to study the correlation between the BF SFHs and galaxy morphologies using Sérsic index (n), half-light
radius (Re ) and projected mass density (Σ1 ). In Figure 3.22, Sérsic index and Re are
estimated from GALFIT performing a single Sérsic profile fitting to F160W/H-band
HST/CANDELS images (van der Wel et al., 2012). Tau is the most favored SFH for
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Figure 3.22: Fractions of the BF SFHs with Sérsic index (n) and half-light radius, Re [kpc].
The bin size of Sérsic index and Re is 0.5. Galaxies having n > 5 and galaxies having
Re > 9kpc are included in the last bin of n and Re . A red vertical dashed line represents
n = 2.5 to distinguish early-type galaxies having n > 2.5. The trend of SFH with n and Re
is relatively weak.

any Sérsic index and Re , except large galaxies. For Re > 6kpc, the fractions of galaxies having LinInc and CSF increase, indicating that larger galaxies, which are likely
to be more active star-forming galaxies, tend to have increasing SFHs. The fraction
of galaxies having Delay slightly increases with n. The overall correlation between
SFHs and n /Re is weak. Figure 3.23 describes the relation between the BF SFHs and
Σ1 . Σ1 is the projected mass density within 1kpc, defined as M∗ (< 1kpc)/π(1kpc)2 .
This has been suggested as a better indicator for quantifying compactness of a galaxy
(Cheung et al., 2012; Fang et al., 2013), and to be best correlated with star formation activities (Chapter 4). Compact galaxies are defined as the galaxies having
log10 Σ1 > 9.5 (red vertical line), followed by Barro et al. (2015). Although the fraction of galaxies having Tau is the largest with Σ1 , we find that there is a correlation
between other SFHs and Σ1 . As Σ1 increases, the fractions of galaxies having CSF
and LinInc decrease, while the fraction of galaxies having Delay increases, especially
after Σ1 = 9.5. Most of the galaxies having Σ1 > 9.5 have Delay or Tau, indicating
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Figure 3.23: Fractions of the BF SFHs with Σ1 . Each point indicates a fraction of the BF
SFH at log10 Σ1 bins with bin size= 0.5. Galaxies having log10 Σ1 > 9.5 (red vertical line)
are considered as compact galaxies. There is a decrease of increasing SFHs as Σ1 increases.

that compact galaxies mostly have decreasing SFHs. This result may imply that
compact galaxies are quenching or already quenched their star formation.

3.8

Chapter Summary

We investigate how a choice of SFHs influences estimating galaxy properties by
adopting various SFHs to the SED fitting. This work improves the previous studies
(Lee et al., 2010; Pforr et al., 2012; Pacifici et al., 2013) in three ways. First, we use the
deepest and the best available multi-wavelength photometry from CANDELS/Deep
survey. Second, SpeedyMC using MCMC techniques based on Bayesian statistics
allows us to use full posterior distributions so that we can obtain a robust estimation
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of physical properties and associated uncertainties. Third, we use five SFHs to the
SED fitting: linearly increasing, constant, delayed, exponentially decreasing, and
exponentially increasing SFHs.
We first show that any simple parameterized SFHs cannot fully recover the intrinsic SFH of simulated galaxies. Stellar mass is robustly estimated in any SFHs, while
ages and SFRs have significant discrepancies between intrinsic and derived values.
We find that fainter galaxies (H < 26) have larger discrepancies for stellar masses
and others. Also, the different age definitions and different assumptions of dust models, metallicity, and feedback mechanisms can cause discrepancies. In particular, the
age-dust-metallicity degeneracy and overshining effect might significantly affect on
estimating age, and hence SFR. Ages and SFRs are closely related, and they are
very sensitive to the assumption of SFHs. Therefore, the mismatch between template
and real SFH is dominant in preventing the recovery of intrinsic properties. Based
on our results, we suggest that using one simple analytic SFH should be avoided in
estimating galaxy properties.
Comparing the galaxy properties obtained using five SFHs clearly show that the
choice of SFHs is seriously influence on results obtained from the SED fitting. Confirming our results from simulated galaxies, we find that stellar masses are completely
insensitive to the choice of SFHs, while other properties such as ages, E(B-V), and
SFR depend on SFHs. The comparisons between increasing SFHs (CSF, LinInc, InvTau) and decreasing SFHs (Delay, Tau) yield the largest discrepancies in all galaxy
properties for all types of galaxies. When using increasing SFHs for QGs, we cannot
estimate physically proper properties from the SED fitting, indicating that increasing
SFHs should not be used for QGs. SFRs of SFGs obtained from different SF indicators (dust-corrected UV and IR+dust-uncorrected UV) are correlated better with
SFR using constant or increasing SFHs. In conclusion, a mismatch of SFHs has a
serious impact on estimating galaxy properties. This tells us that it is essential to
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use appropriate SFHs to obtain accurate properties and understand the physics of
galaxies.
As an attempt to propose more suitable SFHs for individual galaxies, we select
the best-fit SFHs (BF SFH) with reduced χ2 for each galaxy among five SFHs used
in this study. The selection of the BF SFH using reduced χ2 is validated through
comparing to AICc and BIC with simulated galaxies and investigating the secondly
best-fitted SFHs for each galaxy. Overall, we find that the BF SFH recovers intrinsic
values of simulated galaxies, representing that the BF SFH is a better assumption in
estimating galaxy properties than commonly used tau model or one SFH for all types
of galaxies.
Using the carefully selected BF SFHs, we investigate the characteristics of galaxies
having different BF SFHs as followings:
• We show that QGs are best-fitted with Delay or Tau. More than half of SFGs
have increasing SFHs (LinInc or CSF) as their BF SFHs at 1 < z < 3. At
z > 3, the majority of galaxies are best-fitted with CSF or LinInc, indicating
that most of the high redshift galaxies are forming stars actively. Although
Delay and InvTau are proposed as better SFH recovering properties of high
redshift SFGs (Lee et al., 2010; Speagle et al., 2014; Pforr et al., 2012), in our
best-fit SFH selection, Delay and InvTau are not favored SFH at all.
• More massive galaxies tend to be best-fitted with decreasing SFHs, while the
fraction of galaxies having increasing SFHs decreases with stellar mass. This
implies that as galaxies evolve and become massive, they are quenching their
SF, i.e. having decreasing SFHs.
• We find that galaxies having different BF SFHs are located at different positions
in the SFR-M∗ diagram and specific star formation rates are correlated with
SFHs. Galaxies having LinInc are mostly located above the MS and galaxies
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having CSF are on the MS, while galaxies located below the MS are best-fitted
with Delay or Tau. By fitting SFR and M∗ obtained using the BF SFHs, we
show that the MS of SFGs is curved at high masses at 1 < z < 3. At z > 3, the
MS is explained by a single power-law and the massive SFGs having decreasing
SFHs barely exist. Our finding implies that the massive galaxies having Delay
or Tau SFHs might cause the bending of the MS at high masses.
• Based on our morphological analysis, there is a weak correlation between the
BF SFHs and Sérsic index (and Re ), but we find that Σ1 is correlated with
different SFHs. As Σ1 increases, the fraction of galaxies having increasing SFHs
decreases and the fraction of galaxies having decreasing SFHs increases. Larger
galaxies (having Re > 6kpc) tend to have increasing SFHs, and the majority
of compact galaxies (having Σ1 > 9.5) are best-fitted with Tau or Delay. Our
results represent that compact galaxies mostly having decreasing SFHs are likely
to be quenching their SF or become quenched.
We find that there is a close relation between different SFHs and position of a
galaxy in the SFR-M∗ plane. This clearly indicates that using different SFHs results
in significantly different conclusions on the MS, and using one SFH for all types of
galaxies is not an appropriate way to study galaxies at z > 1. The main conclusion
of this chapter is that one should be careful to interpret results from the SED fitting
only using a certain SFH, particularly at z > 1. Using the BF SFH for each galaxy
is better to estimate galaxy properties accurately than using one commonly adopted
SFH model for all types of galaxies.
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CHAPTER 4
THE INTRINSIC CHARACTERISTICS OF GALAXIES
ON THE SFR-M* PLANE AT 1.2 <z < 4

4.1

Introduction

Classifying galaxies into different SF regimes at high-redshift is facilitated by the
fact that star formation rate (SFR) and stellar mass (M∗ ) of star forming galaxies are
strongly correlated out to z ∼ 4 (Noeske et al., 2007; Daddi et al., 2007; Pannella et
al., 2009; Elbaz et al., 2011; Whitaker et al., 2012b; Lee et al., 2015; Schreiber et al.,
2015; Tomczak et al., 2016). This correlation is commonly called the “main sequence
of star formation” (MS). It has been suggested that galaxies located on, above and
below the MS have different morphologies and, hence, follow different time evolution
of their star formation (Renzini, 2009; Daddi et al., 2010; Renzini & Peng, 2015).
In Chapter 2, we have found that star formation activities of galaxies are strongly
correlated with morphologies. Similarly, Wuyts et al. (2011) investigated how the
structures of galaxies depend on galaxy positions in SFR–M∗ diagrams since z ∼ 2.5
using large datasets from four different fields, COSMOS, UDS, GOODS-South and
North, and showed strong trends of specific star formation rate (sSF R = SF R/M∗ )
with galaxy morphology, represented by Sérsic index (n). The galaxies on and above
the main sequence (MS) mostly show exponential light profiles (n ≈ 1) and have
blue rest-frame colors, while, relatively red galaxies, reside below the MS, have “de
Vaucouleur” (or similar) light profiles. However, most morphological studies on the
MS have focused only on galaxies on/above the MS at z > 1 (Wuyts et al., 2011;
Elbaz et al., 2011; Salmi et al., 2012; Whitaker et al., 2015), and have not made a
full accounting of how galaxy morphologies differ throughout the SFR-M∗ plane.
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In this chapter, we first investigate the characteristics of star-forming galaxies located on, above, and below the MS and quiescent galaxies at 1.2 < z < 4 selected
from the CANDELS (PI: S.Faber, H. Ferguson). We use various morphological parameters from the CANDELS/WFC3 H-band images, including parametric (Sérsic
index, half-light radius), non-parametric (G and M20 ) measures, and projected mass
densities (Σ50 and Σ1 ). Furthermore, we use an advanced SED fitting technique,
SpeedyMC, the MCMC code based on Bayesian statistics (Acquaviva et al., 2012),
by adopting the BF SFHs as introduced in Chapter 3.
The structure of this chapter is as follows. The optical and NIR data from CANDELS and infrared data from Herschel used in this study are introduced in Section
2. In Section 3, the estimation of M∗ and SFR are explained in detail, and the sample selection is also found. With the robust estimation of M∗ and SFR we achieve
using the BF SFHs, we investigate the MS in the SFR-M∗ diagram in Section 4 and
classify galaxies according to their positions relative to the MS. We then present an
extensive morphological analysis associated with the location on the SFR-M∗ diagram
using parametric (Sérsic index and half-light radius), non-parametric (G and M20 )
and projected mass densities in Section 5. We further investigate the characteristics
of different galaxy populations relative to the MS in Section 6. In section 7, we discuss
our results in the context of quenching processes of galaxies and their morphological
transformations. We conclude with summary in Section 7.

4.2

Data

All data used in this study are based on the WFC3/F160W (H-band) selected
multi-wavelength catalogs from the CANDELS (Grogin et al., 2011; Koekemoer et
al., 2011). We use CANDELS/Deep fields (GOODS-S and -N) having deeper and
fully panchromatic images relative to CANDELS/Wide fields (COSMOS, EGS, and
UDS). The Deep fields cover about 130 square arc minutes and have a 5σ point source
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limiting depth of HAB = 27.5. The multi–wavelength photometry has been obtained
using a software package with an object template-fitting method (TFIT, Laidler et al.
(2007)). This catalog includes photometry from the HST/ ACS images in the BViz
and F814W; from WFC3/IR images in the F098M (only in the GOODS-S), F105W,
F125W, F160W; from VLT/VIMOS U and VLT/ISAAC Ks images; and from the
Spitzer/IRAC images at 3.6, 4.5, 5.8 and 8.0 µm (Guo et al. (2013) : GOODSS, Barro et al., in preparation : GOODS-N). We use CANDELS best estimated
photometric redshifts (CANDELS photo-z: Dahlen et al. (2013)) measured for all
galaxies unless spectroscopic redshifts (spec-z) are available (about 6% of our sample).
The goal of this paper is to study galaxies at 1 < z < 4, the peak epoch of the star
formation (Madau & Dickioson, 2014), in the GOODS-S and -N field. We identify
43,351 galaxies at 1 < z < 4 in both fields. In order to investigate the characteristics
of IR detected galaxies among our sample, we use the public GOODS-Herschel (Elbaz
et al., 2011) DR1 catalogs in the GOODS-S and -N. The source catalogs containing
Spitzer/MIPS 24 µm, 70µm(only GOODS-S) and Herschel/PACS 100µm, 160µm
bands are used to compute total far-infrared luminosity in Section 3.3. Herschel PACS
flux densities and uncertainties are extracted from the PSF fitting using Spitzer MIPS
24 µm prior positions. By matching the positions in both CANDELS and GOODSHerschel catalogs, 2,285 galaxies having 24 µm and/or Herschel detections are found
at 1 < z < 4. Among them, we use galaxies below z=3 due to the sensitivity limits
of the GOODS-Herschel observations (Elbaz et al., 2011), and about 3% of 2,285
galaxies are excluded.

4.3

Key considerations in measuring the main sequence

We select 10,114 galaxies at 1.2 < z < 4 after limiting our sample with signalto-noise ratio (S/N) in H-band > 10, stellar mass (M∗ ) > 109 M

(over 75% mass

completeness limit : Tal et al., 2014). We additionally clean our sample using the
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SExtractor PhotFlag and SpeedyMC quality flag. SExtractor PhotFlag is used to
designate suspicious sources that fall in contaminated regions (Guo et al., 2013). We
only use galaxies having PhotFlag= 0, indicating non-contaminated source without
detections of star spikes, halos, and bright stars with those spikes and halos or excluding sources at the image edges or on the few artifacts on the F160W image.
Also, galaxies having SED fitting quality flag = 3 are excluded in our final sample
to keep out the bad fitting having a poor convergence of the chains computed from
SpeedyMC. After considering all restrictions to clean the sample, we finally use 9,888
galaxies (1667 IR detections: about 20% of our sample) at 1.2 < z < 4.
Our first step in characterizing galaxies in SFR-M∗ plane is to separate starforming galaxies (SFGs) from quiescent galaxies. It has been reported in various
literatures that the selection of SFGs is one of the main reasons causing different MS
slopes, shapes, and dispersions (Whitaker et al., 2012b; Speagle et al., 2014; Renzini
& Peng, 2015). Previous studies have shown that the galaxy selection in specific star
formation rates (sSF R = SF R/M∗ ) can effectively discriminate between quiescent
galaxies and SFGs (Karim et al., 2011; Lee et al., 2013). Because it might cause an
artificially clean correlation between SFR and M∗ , It is preferable to use a quiescent
galaxy selection independent on SFR and/or M∗ . Color-color selection has been
widely used to classify quiescent galaxies out to z ∼ 3 during the last decade (Daddi
et al. (2007); Lee et al. (2013): BzK; Williams et al. (2009); Brammer et al. (2011);
Whitaker et al. (2011): UVJ). Quiescent galaxies are characterized by red U-V colors
and bluer V-J colors relative to star-forming galaxies having same U-V colors. In this
study, we classify quiescent galaxies at all explored redshifts as

U − V > 0.88 × (V − J) + 0.49, U − V > 1.3, V − J < 1.6.

(4.1)

Using slightly different definitions of quiescent galaxies is common in different surveys (Whitaker et al. (2011): NMBS, Muzzin et al. (2013): COSMOS). We use the
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definition of Schreiber et al. (2015) using this definition for all CANDELS fields up
to z = 4. The rest-frame UVJ diagrams at four redshift bins with ∆t ∼ 1Gyr are
shown in Figure 4.1. The rest-frame colors are measured using the EAZY software
(Brammer et al., 2008), which performs a template-based interpolation of the observed photometry. We use the template set of Muzzin et al., 2013 and use the Bessel
filters in the optical and Palomar filters in the NIR. From Equation .1, we find that
about 6% galaxies are classified as red quiescent galaxies. As redshift increases, the
fraction of red quiescent galaxies drops from 9% to 2.6% (at z > 2.8).

Figure 4.1: Rest-frame U–V vs. V–J color diagrams for galaxies in the GOODS-S and -N
fields with 4 redshift bins (∆t ∼ 1Gyr), 1.2 < z < 1.5, 1.5 < z < 2, 2 < z < 2.8, 2.8 < z < 4.
Red quiescent and bluer star–forming galaxies are classified by their rest-frame (U-V) and
(V-J) colors with Equation 4.1 (red dashed line). The number indicates the total number of
galaxies included in each redshift bin (Q stands for the number of quiescent galaxies defined
as Equation 4.1).
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Lastly, we find 268 (∼ 3%) known X-ray, IR and, radio AGN candidates among
our final sample (GOODS-S: Xue et al., 2011 (X-ray), Donley et al., 2012 (IR),
Padovani et al., 2011 (IR); GOODS-N: Alexander et al., 2003 (X-ray)). 83% of these
AGN candidates are classified as star-forming galaxies from the UVJ diagram, and
about half of them are IR detected galaxies. Although our FIR measurements can
be polluted by the light of dust obscured AGNs, we do not exclude AGN candidates
from the further study because inclusion of them does not significantly change our
results.

4.3.1

Estimating galaxy properties from the SED fitting

The properties of stellar populations used in this study are measured from improved SED fitting technique, SpeedyMC, introduced in Chapter 3. We fit the CANDELS multi–band photometry to the Bruzual & Charlot (2003) (BC03) spectral
population synthesis library with a Chabrier initial mass function (IMF) and metallicity fixed to the solar value. The Calzetti law (Calzetti et al., 2000) is used for the
dust obscuration model together with the Madau (1995) prescription for the opacity
of intergalactic medium. Redshifts are fixed to the CANDELS photo-z (or spec-z
if available) during the fitting. We include the flux from the nebular continuum
and line emission by tracking the number of Lyman-continuum photons and assuming case B recombination according to the prescription in Anders&Fritze-v (2003);
Schaerer & de Barros (2009). The unique point of this SED technique is that we
apply the best-fit SFH for each galaxy determined by maximum likelihood obtained
from the SpeedyMC. Figure 4.2 depicts the percentages of galaxies having the best-fit
SFH as one of five SFHs. Note again that we use galaxies at 1.2 < z < 4 having
M

> 109 M . Most of the quiescent galaxies classified from the rest-frame UVJ

diagram are best-fitted with decreasing SFHs-delayed and tau models. About 50%
of SFGs are best-fitted with decreasing SFHs, and the rest of them with increasing
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SFHs (LinInc, CSF, and Inverted Tau). Consequently, galaxy properties including
stellar mass, age, dust reddening defined by the excess color, E(B-V), and SFR are
obtained using the BF SFHs, and the galaxy age is defined as the time since the onset
of star formation (see full details of the SED fitting in Chapter 3).

Figure 4.2: The histogram of the percentage of galaxies having the best-fit SFH as constant
SFH (CSF), linearly increasing SFH (LinInc), delayed model(Delay), tau model (Tau) and
inverted tau model (exponentially increasing SFH; InvTau). The histogram with gray shades
represents all galaxies, whereas blue and red are for rest-frame UVJ selected SFGs and QGs.
The SEDs of most of the QGs are best-fitted using decreasing model such as delayed and
tau models, while SFGs have both increasing and decreasing SFHs as best-fit SFHs.

One key factor causing uncertainty in measuring SFR of SFGs is the dust obscuration, which can be directly computed from the far-infrared (FIR) Herschel photometry. However, due to the detection limit of Herschel, many studies have estimated
the amount of radiation obscured by dust indirectly using other indicators (Daddi
et al., 2007; Karim et al., 2011; Sobral et al., 2012; Lee et al., 2011; Arnouts et al.,
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2013) (see Chapter 3 for more references). The instantaneous SFR obtained from
the SED fitting, including prescriptions of dust obscuration, is also commonly used
for galaxies lacking SF tracers, but it is strongly dependent on the choice of SFH.
The total SFR, adding SFR from IR and UV emission, might be the best indicator
of SFR for SFGs because it combines the light from the unobscured stars (UV) and
the relatively young, completely obscured stars (IR). In Figure 4.3, we compare four
different SFR measurements to total SFR, SF R(U Vuncor + IR), for SFGs that have
24um and/or Herschel detections at 1 < z < 3. Here are definitions of each SFR we
use in this analysis.
• Instantaneous SFR: This SFR is obtained from the best-fitting SED assuming
the BF SFH for each galaxy. For comparisons, we also show Instantaneous SFR
obtained using Tau and inverted Tau model.
• SFR from Dust corrected UV emission: This SFR is obtained from UV
fluxes corrected for dust extinction. SF R(U Vcor ), is defined as

SF R(U Vcor )[M /yr] = 1.48 × 10−28 L1500 (erg/s/Hz),

(4.2)

where L1500 is the UV luminosity at the 1500Å corrected for dust obscuration
using Calzetti‘s Law (Calzetti et al., 2000).
• Total SFR. This SFR is a combination of light from both the UV and IR,
SF R(U Vuncor + IR) = SF R(U Vuncor ) + SF (IR). SF R(IR) is defined as

SF RIR [M /yr] = 1.72 × 10−10 LIR (L ),

(4.3)

Where LIR is the total infrared luminosity, LIR = L(8 − 1000µm). We measure
LIR by fitting the mid to far-infrared SED with far-IR templates for high redshift (high-z) SFGs (0.5 < z < 2) introduced by Kirkpatrick et al. (2015). We
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Figure 4.3: Comparisons of total SFRs for IR detected SFGs with SFRs obtained using the
BF SFH, Tau, inverted Tau models and dust corrected UV SFR. The red line is for the oneto-one correlation. ρ, < ∆SF R >, σ are the Pearson correlation coefficient, average and
dispersion of differences of log(SFR), respectively. As ρ close to unity, SFRs in x and y-axes
are linearly correlated, and as < ∆SF R > and σ are close to zero, SFRs in x and y-axes are
identical. SFR obtained using the BF SFH (top left panel) shows better correlation with
total SFR comparing to other SFRs.
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use maximum 4 bands 24µm, 70µm, 100µm, and 160µm from Spitzer/MIPS
and Herschel/PACS, if available. SF R(U Vuncor ) is a dust-uncorrected ultraviolet SFR computed using L1500 , uncorrected for dust obscuration. Because
Equation 4.2 and 4.3 assume Salpeter IMF, we multiply both Equation 2 and
3 by a factor of 0.63 to convert Salpeter to Chabrier IMF (Madau & Dickioson,
2014).
In Figure 4.3, we use the Pearson correlation coefficient (ρ), average (< ∆SF R >),
and mean absolute deviation (σ) of differentiation of SFRs to test correlations between
the different SFR estimates. SFRs obtained using the BF SFH have larger ρ and
smaller < ∆SF R > and σ than ones obtained using the tau model or dust corrected
UV. This means that the SFR obtained using the BF SFH is correlated better with the
total SFR than the other SFRs. The comparison of different SFRs clearly indicates
that the use of the BF SFH for each galaxy is a robust approach to yield more accurate
SED-derived SFRs for all galaxy populations. Note that the SFR obtained using
the inverted tau model shows a slightly better correlation with SF R(U Vuncor + IR).
Since only 1.7% of SFGs have this model as the BF SFH, the BF SFH would be more
appropriate in this study.

4.4
4.4.1

SFR-M∗ diagram at 1.2 < z < 4
The main sequence of star formation

Since we aim to investigate galaxies located in the different regimes of the SFRM∗ plane, it is necessary first to make an accurate measurement of the MS slope.
The main sequence of star formation has been recently studied at z > 3 (Salmon et
al., 2015; Pannella et al., 2015; Tasca et al., 2015; Schreiber et al., 2015; Tomczak
et al., 2016) using different SFR indicators and sample criteria. Using the robust
estimate of stellar masses and SFRs in Section 3, we can explore the main sequence
of star-forming galaxies (MS) at 1.2 < z < 4.
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Figure 4.4 illustrates the stellar mass vs. SFR of our full sample, sliced by four
redshift bins (each bin has ∆t ∼ 1Gyr). Red and black points represent quiescent
galaxies (QGs) and SFGs classified via rest-frame UVJ colors (Figure 4.1), respectively. Again, we use the SF R(U Vuncor + IR) for IR detected galaxies (green) and
the SFR obtained using the BF SFH for non-IR detected galaxies. Stellar mass is
measured using the BF SFH as well. Orange points and error bars represent the
mean and dispersion of SFGs distributed in a stellar mass bin, ∆log10 (M∗ )=0.3dex,
computed using bisquare weighting. A tight main sequence of SFGs exists at all
explored redshifts. To parameterize the main sequence, we fit the mean log10 (M∗ )
and log10 (SF R) at each redshift bin with a polynomial model provided by Lee et al.
(2015),
h
 10M (−γ) i
S = S0 − log 1 +
10M0

(4.4)

where S = log(SF R) and M = log(M∗ /M ). γ is the power-law slope at lower stellar
masses and S0 is the maximum value of log(SF R) that the function is asymptotically
approached at the high stellar mass. In particular, we use this model to quantify the
turnover mass, M0 , which is a break of the power-law slope (for a detailed explanation
of the model, see section 4.1 of Lee et al. (2015)). The means of SFRs in each mass
bin (data points for the fitting) are plotted with a MS fit and M0 in the last panel
of Figure 4.4. The MS slope cannot be explained by a single power-law, and there
is a break of the MS at M0 . This bending of the MS has been explored from the
local to z ∼ 4 universe (Lee et al., 2015; Tomczak et al., 2016). We observe an
evolution of M0 to the larger value with redshifts in agreement with Tomczak et al.
(2016). The broken power-law is used to measure the best-fitted MS slope below and
above the M0 . The MS slope measurements are listed in Table 1. While the slope
is nearly unity (β1 ∼ 0.8 − 0.9) below the turnover mass, it becomes flatter (∼ 0.3)
above M0 at z < 2. At z > 2, the slope can be explained by a single power-law with
β1 ∼ 0.8. Because M0 at z > 2 is close to the maximum stellar mass range used
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in this study, we do not find the curved MS at z > 2. If we only consider massive
galaxies M∗ > 3 × 1010 , which should be about 90% of mass completeness at z > 2
(Tal et al., 2014), the MS slope rapidly declines (0.5 at 2 < z < 2.8, 0.1 at z > 2.8).
Renzini & Peng (2015) newly defined the MS as the ridge line of the SF peak in
the 3D SFR-mass-number plot without a pre-selection of SFGs at z ∼ 0 and found
that the best MS slope is explained by a single power-law without a bending of the
MS at high masses. In Figure 4.5, we compare the linear (gray) and polynomial
fit (black dashed line, Equation 4.4) to investigate how the MS fit differs from the
single power-law. At lower masses, the polynomial fit is almost identical to the linear
fit. However, the decreasing SFRs at high masses appear to be better fitted with
the polynomial fit. Because it is hard to discriminate visually, particularly in the
case of the polynomial fit having an extra parameter (M0 ), we test which model
is fitted better to the model using Bayesian information criterion (BIC). Figure 4.5
show that the linear fit has lower BIC than the polynomial fit over all redshifts, but
the differences of BIC are less than two, indicating that the two models are similar.
Based on this result, we suggest that a single power-law can generally explain MS
with and without the bending of the MS, but the polynomial fitting model would be
suitable to investigate the curved MS at high masses. Very small SFR dispersion at
the highest mass bin due to three galaxies having accidentally similar SFRs might
force the bending of the MS at 1.2 < z < 1.5. However, we still observe the decline of
the MS slope in high masses at 1.2 < z < 1.5 when we increase the bin size of stellar
masses to have enough statistics.
At z < 2.8, the dispersion of the SFR (MS dispersion) is consistent as σ ∼
0.37 − 0.39dex at all masses except the highest mass bin at 1.2 < z < 1.5 which
includes only three galaxies. This indicates that SFGs within 1-σ are experiencing
moderately increasing SF processes over the parameter spaces. The MS dispersions
obtained in this work are analogous to ones reported by Whitaker et al. (2012b); Lee
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Figure 4.4: SFR–M∗ at four redshift bins, ∆t ∼ 1Gyr. We fit MS only using SFGs
with SFR and M∗ estimated from the SED fitting using the best-fit SFHs (black), but
SFR(IR+UVuncor ) is used for IR detected galaxies at z < 3 (green). The red points are
red quiescent galaxies (QGs) classified from the UVJ colors. The orange line and the error
bar represent MS slope estimated from Equation 4 and the standard deviation of SFRs at
each stellar mass bin (∆log(M∗ ) = 0.3). The orange dashed lines are the factor of three
above and below MS slope. The magenta line is the boundary to identify quiescent galaxies.
The final panel shows the fitting results obtained from Equation 4 for four redshift bins,
1.2 < z < 1.5 (blue), 1.5 < z < 2 (green), 2 < z < 2.8 (orange), 2.8 < z < 4 (red). The
vertical dashed line is the turnover mass, M0 , measured for each redshift bin. More details
of the MS can be seen in Figure 4.5.

127

1.2 ≤ z < 1.5
1.5 ≤ z < 2
2 ≤ z < 2.8
2.8 ≤ z < 4

# of SFGs/red QGs(IR)

M0

1424/112 (367)
2442/183 (637)
3318/129 (537)
2222/56 (68**)

10.59
10.96
11.21
11.54

β1
(M < M0 )
0.87±0.06
0.80±0.04
0.82±0.03
0.79±0.06

β2
(M > M0 )
0.27±0.09
0.35±0.25

σ of MS/IQR of MS
0.37 / 0.41
0.39 /0.47
0.36 /0.43
0.60(0.47)* /0.75(0.64)

Table 4.1: First column: the number of SFGs and red QGs (IR detected galaxies). Second
column: turnover mass, M0 . Third and fourth column: β1 and β2 are the MS slope below
and above the M0 , respectively. Fifth column: σ is the mean value of the log10 (SF R)
dispersions (IQR: inter-quartile range). *The number in the parenthesis indicates a σ(or
IQR) of the MS excluding the highest mass bin having the largest SFR dispersion with only
5 galaxies. **Note again that we do not include IR detected galaxies at z > 3.

et al. (2015) where the individual galaxies are used to measure the scatter of the
MS, but slightly larger than ones obtained from stacking analysis (Whitaker et al.
(2014): 0.2-0.3dex; Schreiber et al. (2015): 0.3dex). At z > 2.8, the MS dispersion is
0.47dex. It is possible that an increase of SFR uncertainties at high redshifts leads
a large dispersion at this redshift range. Also, the adoption of different SFHs in
the SED fitting can induce the larger MS dispersion (Salmon et al., 2015; Cassará
et al., 2016). The normalization of the MS (the SFR of the lowest stellar mass)
increases with redshifts (see the last panel of the Figure 4.4). It has been suggested
that higher sSFR of distant galaxies is related to their larger gas fractions at high
redshifts (Sargent et al., 2014).
Overall, our results show good agreements with other studies which explored the
same epoch with different samples and SFR indicators: Karim et al. (2011) with COSMOS at 0.2 < z < 3 using SFR estimated with stacked radio continuum emissions;
Whitaker et al. (2014) with 3D-HST/CANDELS at 0.5 < z < 2.5 using SFR obtained from 24µm stacking analysis; Schreiber et al. (2015) with CANDELS-Herschel
at 0.5 < z < 4 using SFR obtained from Herschel stacking analysis; Tomczak et
al. (2016) with ZFOURGE at 0.5 < z < 4 using SFR obtained from 24µm and
Herschel stacking analysis. All of them reported that the MS slope below a certain
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Figure 4.5: Comparison of the linear fit and polynomial fit (Equation 4) to the MS in the
log10 SF R vs. log10 M∗ . The points and error bars represent the mean and standard error of
the mean of SFG distributions in each stellar mass bin. We fit the data (black points) to the
single power-law (linear fit, gray) and Equation 4 (dashed black), and compute a reduced
Bayesian Information Criteria (BIC) between the fit and data. There is no significant
difference between two fitting.

stellar masses (> 2 × 1010 M at z > 1.2) is close to unity, 0.8–1.0, while the slope
dramatically declines for massive galaxies at all explored redshifts.

4.4.2

Different galaxy populations in the SFR-M∗ diagram

In the SFR-M∗ diagram, there are non-negligible populations of galaxies that do
not lie on the MS. Using our best estimates of galaxy properties, we make a robust
characterization of galaxies into four classes based on their positions in the SFRM∗ plane by measuring the excess in sSF R, Starburstiness (RSB ). Starburstiness
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is defined as RSB = sSF R/sSF RM S (Elbaz et al., 2011), which is the distance
from the MS at a given stellar mass. Here, galaxies are classified, based on RSB , as
starburst galaxies (SB), normal SFGs on the MS (MS), galaxies below the MS with
little star formation activity (lowMS), quiescent galaxies (QG). We use RSB = 3,
which corresponds to the MS dispersion, to identify galaxies outside the 1-σ of the
MS at all redshifts. Consequently, SB galaxies located above the MS are defined as
galaxies having RSB > 3. RSB = 3 is about 1-σ of the MS at all redshifts. MS
galaxies are defined as those whose RSB is between 3 < RSB < 1/3 (within 3 times
above and below the MS). lowMS galaxies are defined as 1/3 < RSB < 1/30 (10
times below the lower cut of the MS: magenta line in Figure 4.4). Lastly, we call
QG for any galaxies with RSB < 1/30. Over 84% of QG galaxies are UVJ selected
red quiescent galaxies. This classification results in 834 SB (8.3%), 7559 MS (76.5%),
1192 lowMS (12.1%) and 303 QG (3.1%) galaxies. As expected, the MS galaxies are
dominant, but the number of other populations, particularly SB and lowMS galaxies,
are not negligible.
Rest-frame (U-V) and (V-J) colors of 4 populations are illustrated in Figure 4.6.
The galaxies are divided into two stellar mass bins, below and above M/M = 3 ×
1010 ∼ log(M∗ ) = 10.5, which is the turnover mass at z < 2. SB galaxies tend to be
located in the bulk of SFG regions. The rest-frame colors of the lowMS galaxies are
intermediate between red QGs and blue SFGs. We find out only 6% of the lowMS
galaxies are rest-frame UVJ classified red quiescent galaxies and only nine lowMS
galaxies (0.8%) have sSF R < 0.01Gyr−1 , i.e. most of the lowMS galaxies are starforming galaxies.

4.5

Morphologies of galaxies in the SFR-M∗ diagram

The close relationship between the galaxy morphology and star formation activities has been studied at z ∼ 2 (Wuyts et al., 2011; Cameron et al., 2011; Szomoru
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Figure 4.6: Rest-frame UVJ diagram with four different galaxy populations: starbursts (SB:
orange), normal SFGs on the MS (MS: blue), galaxies located below the MS (lowMS: green)
and quiescent galaxies (QG: red). We divide the sample into two stellar mass bins, below
(top) and above (bottom) M/M = 3 × 1010 . Rest-frame colors of the lowMS galaxies are
intermediate between red quiescent galaxies and blue SFGs.

et al., 2011; Wang et al., 2012; Lee et al., 2013) using various diagnostics such as
not only the visual inspections, but also parametric measures (Gini (G): Abramson
et al. (2003); M20 : Lotz et al. (2004); multiplicity (Ψ): Law et al. (2007); CAS:
Conselice et al. (2003)), non-parametric measures (Sérsic index, half-light radius:
van der Wel et al. (2012)), and stellar surface density (Franx et al., 2008; Cassata et
al., 2011, 2013; Fang et al., 2013; Barro et al., 2013). In this section, we explore how
morphologies of galaxies correlate with their positions on the SFR−M∗ diagram, i.e.
RSB . Using Sérsic index (n), half-light radius (Re ), G, M20 , and two projected mass
densities (Σ50 and Σ1 ), we perform an extensive analysis of galaxy morphologies at
1.2 < z < 4. Throughout this section, Spearman’s rank correlation coefficient, rs , is
used to compute the correlation between morphologies and RSB statistically. This
coefficient describes how two variables are monotonically related. Thus, +1 (−1)
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means that two values have a perfect monotonic increasing (decreasing) relationship,
while zero indicates that there is no correlation between two values.

4.5.1

Galaxy morphologies on the SFR-M∗ based on the Parametric measures

Parametric measures, which depend on the light profile of a galaxy, are estimated
from HST/WFC3 F160W (H-band) images using GALFIT (van der Wel et al., 2012).
GALFIT gives Sérsic index, semi-major axis (SMA), axis ratio, position angle, and
GALFIT flag by fitting a single Sérsic profile to a galaxy. Since the Sérsic index is
sensitive to S/N (Peng et al., 2010), it should be carefully used only for bright galaxies
having high S/N and GALFIT FLAG= 0 (van der Wel et al., 2012). To avoid large
systematic and random uncertainties, we exclude galaxies having GALFIT FLAG6= 0
(∼ 18%). Using CANDELS 4-epoch data, van der Wel et al. (2012) found that Hband magnitude limit for GALFIT is H < 23.5 for n and H < 24.5 for Re . Thus,
too faint galaxies are expected to produce biased results by the biases in the fits.
Because we use deeper images (10-epoch) in this study, the limiting magnitude of
the GALFIT is about 0.9 magnitudes deeper, which is H = 25.4 for Re . We find
that about 92% of our sample have H < 25.4 and restricting the sample to bright
galaxies does not change the overall results. Therefore, we do not limit the sample
based on the galaxy’s brightness, but anyone using GALFIT results should consider
the magnitude limit.
The distributions of Sérsic index and half-light radius as a function of RSB are
shown in Figure 4.7 and Figure 4.8, respectively. The circularized half-light radius,
√
Re [kpc], is computed using the formula, Re = SM A axis ratio. On average, n
increases and Re decreases, as RSB decreases. Most galaxies located below the MS
(QG and lowMS) have n > 2.5 and Re < 2kpc over all stellar mass and redshift
ranges. Based on rs (see numbers in the bottom panel), we find that massive galaxies
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Figure 4.7: We study the correlation between Sérsic index and RSB and the average Sérsic
index of four different galaxy populations on the SFR-M∗ . Red points are red QGs selected
from UVJ colors. Blue, green and orange vertical lines indicate RSB = 3, 1/3, 1/30 for the
classification of galaxies as SB, MS, and lowMS, respectively. Galaxies below the orange
line are classified as the QG galaxies. The top two panels are distributions of n as a function
of RSB for galaxies having stellar masses below and above 3 × 1010 M . The bottom panel
describes averages of Sérsic index of four galaxy populations. The number inside the square
symbol indicates the number of galaxies in each galaxy population. rs is the Spearman’s
rank correlation coefficient between n and RSB for each redshift and mass bin. On average,
galaxies tend to have higher n as RSB decrease. Overall correlation between n and RSB is
weak, especially at higher redshifts and lower masses.
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Figure 4.8: Half-light radius (Re ) as a function of RSB and the average Re of four different
galaxy populations on the SFR-M∗ . All lines, colors and symbols correspond to the previous
figure. On average, as RSB increase, the sizes of the galaxies increase.

show better correlations between n (Re ) and RSB , while the correlations are weaker
at higher redshifts. Overall, RSB is very weakly correlated with n, especially for less
massive galaxies. We visually find a wide spread of n without a significant correlation
with RSB at 1.2 < z < 4. This result is in disagreement with Wuyts et al. (2011)
finding a strong correlation between specific star formation rate and Sérsic index in
the SFR-M∗ diagram since z ∼ 2.5.
4.5.2

Galaxy morphologies on the SFR-M∗ based on the Non-Parametric
measures

We next investigate the correlation between galaxy morphology and RSB using the
non-parametric measures, the Gini coefficient (G) and the second-order moment of
the brightest 20% of the galaxy pixels (M20 ). Over the last decade, these parameters
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have been used to quantify galaxy morphologies (Lotz et al., 2004; Abraham et al.,
2007; Wang et al., 2012; Lee et al., 2013) from local to high redshift Universe. Since
not all galaxies are described by smooth and symmetric light profiles, non-parametric
measures are known to characterize better the morphologies of irregulars, which are
more common at high redshifts. Furthermore, in Chapter 2, we have found that the
combination of non-parametric and parametric measures explains the high redshift
galaxy morphology better than only Sérsic index.
G and M20 are measured from WFC3/HST F160W(H) images using definitions
in Lotz et al. (2004). G has been applied to see how light distributions in a galaxy
are nucleated (G ∼ 1) or uniformly diffused (G ∼ 0). M20 is known to trace spatial
distributions of bright clumps, bars, and spiral arms. Hence, galaxies with high M20
values are typically clumpy objects, whereas ones with low M20 are relatively compact
with one bright core. The non-parametric measures are sensitive to the magnitude,
and hence the signal-to-noise ratio (Lotz et al., 2004). For CANDLES/Deep fields (10epoch), H < 24.7 is effective to identify galaxy morphologies using non-parametric
diagnostics (Grogin et al., 2011). Since G and M20 can be biased by faint galaxies, we
repeat our analysis using G and M20 of galaxies with H < 24.7 (72% of our sample).
We confirm that the results are barely changed, and we do not exclude galaxies with
H < 24.7 in further analysis.
Figure 4.9 depicts the distributions of G and M20 as a function of RSB , respectively.
On average, the galaxies have higher M20 and lower G as RSB increases, i.e. the
galaxies with more active star formation appear to have more diffused structures, but
the overall correlation between G/M20 and RSB is weak. rs of G and M20 for less
massive galaxies is about 0.1 meaning that the correlation between G/M20 and RSB
for less massive galaxies is insignificant. Also, we find that the correlation of G and
M20 with RSB barely exists at z > 2.8.
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Figure 4.9: Gini and M20 vs. RSB and average morphologies of four different galaxy
populations relative to the MS. Top: Gini coefficients (G) vs. RSB (top two panels) and the
average G of four different galaxy populations on the SFR-M∗ (bottom). The QG galaxies
have the highest G on average, which is an indicative of a nucleated structure. Bottom:
M20 vs. RSB and the average M20 of four different galaxy populations. The SB galaxies
have the highest M20 , which is an indicative of a clumpy structure. At z > 2.8, there is
nearly no correlation between M20 and RSB . All lines, colors and symbols correspond to
the previous figure.
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In Figure 4.9, the higher redshift galaxies tend to have lower G and higher M20 ,
which can be due to the morphological k-correction. In the H-band (1.6µm) image, we
look at rest-frame 4000Å morphologies at z ∼ 3, and rest-frame 6400Å at z ∼ 1.5. The
rest-frame UV morphologies are known to be clumpier than the optical morphologies
due to the patchy young populations. We compare G and M20 from WFC3/H-band
with those from ACS/z-band in the GOODS-S at 1.2 < z < 1.5, and find that G
and M20 obtained from the two bands are very close (< G[H] − G[z] >= 0.04 and
< M20 [H] − M20 [z] = 0.15 >). This indicates that morphological k-correction would
not be the main reason for the clumpier morphologies of higher redshift galaxies.

4.5.3

Galaxy morphologies on the SFR-M∗ based on the projected mass
density

It has been suggested in many literatures that compactness of a galaxy is closely
connected to the quiescence (Bell et al., 2012; Lang et al., 2014; McIntosh et al., 2014).
Sérsic index, bulge-to-total ratio (B/T), and projected mass density are commonly
used to identify compact structures (Cassata et al., 2011, 2013; Cheung et al., 2012;
Fang et al., 2013; Lang et al., 2014; Barro et al., 2013, 2015; Schreiber et al., 2016). At
z < 0.8, Cheung et al. (2012) and Fang et al. (2013) suggested that the projected mass
density, Σ1 , is a stronger predictor for quenching of star formation (SF) than B/T
and Sérsic index. In this section, we compute two projected mass density, Σ50 and
Σ1 to investigate compactness of galaxies in the SFR-M∗ diagram. Σ50 is defined as a
half of the stellar mass divided by a surface surrounded by a half-light radius, Σ50 =
0.5M∗ /Re2 [M /kpc2 ]. In Cassata et al. (2011), compact early-type galaxies (ETGs)
at 1.2 < z < 2.5 are defined as the galaxies located 1-σ below the distribution of local
ETGs on the mass-size relation, while ETGs 0.4dex smaller than the local ETGs are
called ultra-compact galaxies. Adopting their definition, we identify galaxies having
Σ50 > 3 × 109 M /kpc2 (log10 Σ50 ∼ 9.5) and Σ50 > 1.2 × 1010 M /kpc2 as compact
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and ultra-compact galaxies, respectively (compact: sky blue, ultra compact: violet
vertical lines in Figure 4.10).
Σ1 is the projected mass density within 1kpc, defined as M∗ (< 1kpc)/π(1kpc)2 .
The stellar mass within 1kpc is derived from the luminosity within 1kpc, computed by
an integral of the Sérsic profile measured via GALFIT. We select compact galaxies
with log10 Σ1 > 9.5 (orange horizontal line in Figure 4.10), defined from the tight
correlation between the Σ1 and stellar masses of the quiescent galaxies (Barro et
al., 2015). In Figure 4.10, both Σ50 and Σ1 show very good correlation with RSB .
They have higher rs than parametric and non-parametric measures. This implies
that projected mass densities are best correlated with RSB . rs of Σ50 is very similar
with that of Σ1 , indicating that their correlation with RSB is alike. However, the
distribution of Σ1 looks less diffused than Σ50 . Compact galaxies having log10 Σ1 > 9.5
or log10 Σ50 > 9.5 are dominant as RSB decreases. The QG galaxies are the densest,
while the SB galaxies have the lowest densities at all stellar masses and redshifts. The
lowMS galaxies have lower Σ50 and Σ1 than the QG galaxies. Massive lowMS and
QG galaxies are compact on average. At z > 2.8, some massive compact SB galaxies
have similar morphologies to QGs. We will investigate these compact SB galaxies in
the next section.

4.5.4

Σ1 vs. Σ50

We directly compare two projected mass densities in Figure 4.11. Majority have
higher Σ1 than Σ50 , and all the galaxies with Σ1 > 9.5 have Σ50 > 9.5 (Hereafter, Σ1
and Σ50 are logarithm of each parameter). There are some galaxies with Σ50 > Σ1 ,
most of which have Re < 1kpc. Hopkins et al. (2009) found that the maximum stellar
surface density of any galactic systems is close to Σmax ∼ 11. But we find 15 galaxies
with Σ50 > 11.0, whereas Σ1 never reaches Σmax . Although these 15 galaxies are
bright H < 26, they are extraordinarily small, < 0.3kpc(< 0.1 pixel). They might be
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Figure 4.10: Σ50 and Σ1 vs. RSB and the average projected mass densities of four galaxy
populations. Top: Σ50 , vs. RSB (two top panels) and the average of Σ50 of four galaxy
populations classified based on RSB (bottom). The horizontal lines are for the classification
of compact and ultra-compact galaxies defined from Cassata et al. (2010) (sky blue :
Σ50 = 3 × 109 , violet : 1.2 × 1010 ). Bottom: Σ1 , vs. RSB and the average of Σ1 of four
galaxy populations. The horizontal line is for the classification of compact galaxies having
log10 (Σ1 ) = 9.5. On average, galaxies are denser as RSB decrease. Σ50 and Σ1 are better
correlated with RSB than other parameters.

139

Figure 4.11: Σ1 vs. Σ50 . The green line is the one-to-one correlation between Σ1 and Σ50 .
Compact and ultra-compact threshold based on the Σ50 are sky blue and violet vertical lines.
The orange horizontal line indicates Σ1 = 9.5, and galaxies above this line are considered
as compact galaxies. Σmax is equal to 1011 M /kpc2 , which is the maximum stellar density
can be observed in any systems (Hopkins et al., 2009).

unresolved relative to the PSF. Or, the GALFIT Sérsic profile of these galaxies might
be wrong because the GALFIT converge inefficiently for a galaxy with Re < 0.5 pixel
(Peng et al., 2010).
To reveal how well the projected mass densities represent the compactness of galaxies, we study the correlation between projected mass densities and non-parametric
measures (G, M20 ) in Figure 4.12 for massive galaxies with M∗ > 3×1010 M . Because
the parametric measures obtained from Sérsic profile fitting are already correlated
with Σ50 and Σ1 , it is not worthy to study correlations between Sérsic index (or Re )
and densities. In Figure 4.12, we find that most of red QGs are compact (Σ1 and
Σ50 > 9.5), and have G > 0.55 or M20 < −1.7. Interestingly, in the Σ1 plots, there
are fewer number of non-compact galaxies (Σ1 < 9.5) with G > 0.55 or M20 < −1.7
than in the Σ50 plots (top). This points out that some compact galaxies might have
Σ50 < 9.5. Statistically, Σ1 is correlated with G and M20 better than Σ50 based on rs
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Figure 4.12: Σ1 or Σ50 vs. Gini or M20 for massive galaxies. Horizontal purple lines are
Σ1 & Σ50 = 9.5. Most massive red QGs (red points) appear to have G > 0.55 (green line)
or M20 < −1.7 (sky blue line). In the shaded regions of Σ1 plots (bottom), there are less
number of non-compact galaxies (Σ1 < 9.5) than in the shaded regions of Σ50 plots (top).

(the rs between G and Σ50 (Σ1 ) are 0.45 (0.49) and the rs between M20 and Σ50 (Σ1 )
are -0.25 (-0.43)).
This correlation is also observed in the histogram of G and M20 in Figure 4.13.
The galaxies having Σ50 < 9.5 & Σ1 > 9.5 (black histogram) show similar G and M20
distributions with those having Σ50 > 9.5 & Σ1 > 9.5 (red histogram). The average
values of G (M20 ) are 0.47 (-1.56), 0.52 (-1.69), and 0.57 (-1.70) for blue (all galaxies),
black, and red histograms, respectively. Black and red histograms have very similar
average values of G and M20 , indicating non-compact galaxies selected using Σ50 have
compact structures. It is possible to lose compact galaxies to some extent, only when
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Figure 4.13: Relative distribution of G and M20 for all galaxies (blue), galaxies having
Σ1 & Σ50 > 9.5 (red), galaxies having Σ1 > 9.5 & Σ50 < 9.5 (black). The mean values of
G (M20 ) are 0.47 (-1.56), 0.52 (-1.69) and 0.57 (-1.70) for blue, black and red histograms.
The black histogram has a similar distribution with the red one, indicating that galaxies
having Σ1 > 9.5 & Σ50 < 9.5 are compact.

Σ50 is used. Our results suggest that Σ1 characterizes the compact structure better
than Σ50 .

4.6

Distinct morphologies of galaxies located different positions in the SFR-M∗ diagram

Summing up all morphological analysis based on various parameters used in this
study, we find that as RSB decreases, galaxies are denser and have smaller half-light
radii and steeper Sérsic profiles with higher G and lower M20 at all the explored
redshifts. This confirms that galaxies become more nucleated as the star formation
activity in a galaxy declines. The projected mass density is most correlated with RSB .
Average morphologies of the lowMS galaxies are intermediate between the MS and QG
galaxies, having larger sizes, lower n and G, higher M20 , and lower Σ50 and Σ1 than
the QG galaxies. On average, the SB galaxies are clearly larger than the MS galaxies
and have the most diffused optical light profiles. With Σ1 > 9.5, the percentages of
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compact galaxies are 70 (98), 23 (95), 6 (57) and 6 (56) for QG, lowMS, MS and
SB galaxies, respectively (the percentages of massive compact galaxies). The average
morphologies of compact MS and lowMS galaxies are similar with compact QGs:
< n >∼ 3.6, 3.7, and 2.9, < Re >∼ 1.47, 1.83, and 2.75 and < Σ1 >∼ 9.9, 10.0,and
10.1 for the compact QG, lowMS, and MS, respectively. Particularly, massive compact
lowMS galaxies have very similar compact structures with massive, compact QGs.

4.6.1

Morphologies of starbursts

In this section, starbursts are classified as the galaxies located above three times of
the MS (SB galaxies). Their very high SFR can be explained by either that they are
large gas reservoirs or that they have high star formation efficiency (SFE). Sargent
et al. (2014) suggested that a SFE boost induced by major mergers causes the most
extreme SFRs observed in high-redshift starbursts because internal gas reservoirs are
depleted quickly due to short-lived SFR boosts. In simulations, strong bursts of SF by
gas-rich mergers leave a compact merger remnant behind (Springel, 2005; Hopkins et
al., 2008) and subsequently, the compact remnant rapidly quenches SF and becomes
compact quiescent galaxies observed at z > 1. With Herschel data, Elbaz et al.
(2011) found that starbursts at z ∼ 2 have more compact SF core than normal SFGs
on average. However, at the same redshifts, we find that the SB galaxies are larger
(< Re >∼0.36 arcsec, which is more than two times larger than the compact QGs)
and less dense than the MS galaxies on average. At all redshifts, most of the SB
galaxies in our sample (94%) have Σ1 < 9.5 and shallow light profiles (< n >∼ 1.5
and 2.3 for less massive and massive SB galaxies). They appear to be morphologically
unlike the compact quiescent galaxies observed at z > 1 (Cassata et al., 2011, 2013).
Therefore, it is unlikely that starbursts can shrink to match the size with one of
compact quiescent galaxies on a short enough timescale.
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Figure 4.14: HST/F160W (H-band) images of 12 compact SB galaxies at 2.8 < z < 4 with
M∗ > 3 × 1010 M and Σ1 > 9.5. The size of each image is 3.6 × 3.6arcsec2 . The number in
each stamp indicates the order of Σ1 , i.e. galaxy #1 is the densest one. The morphological
parameters of a galaxy are noted. Stamps with the yellow texts are compact galaxies having
Σ50 < 9.5, i.e. five galaxies are classified as non-compact ones based on Σ50 .

We identify only 3% of the total sample as the massive, compact SB galaxies
(M∗ > 3 × 1010 M & Σ1 > 9.5), and about half of them are at z > 2.8. We inspect
visual morphologies of 12 massive compact SB galaxies at z > 2.8 in Figure 4.14,
showing CANDELS H-band images of these galaxies. We find that 1) All galaxies
except #7 have spheroid-like structures. The galaxy #7 is an edge-on galaxy with
b/a = 0.3. 2) Galaxy #1 and #5 are X-ray detected AGN candidates with star-like
structures (CLASS STAR from SExtractor > 0.95). They have very small Sérsic
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indexes even with small Re and compact structures, because GALFIT fails to fit
their Sérsic profiles properly. Five galaxies (#1, 5, 6, 7, and 9) are X-ray detected.
3) All galaxies except #8 are Herschel or 24µm detected. Our morphological analysis
confirms the compact morphologies of the massive SB galaxies. Most of the compact,
massive SB galaxies are found in a dusty star-forming phase, and about half of them
are AGN candidates.
The dissipative process in a wet merger (Hopkins et al., 2008; Wuyts et al., 2010) or
violent disk instabilities (VDI) (Dekel et al., 2009b) driven by the intense accretion of
cold gas (Birnboim & Dekel, 2003; Keres et al., 2005; Dekel & Birnboim, 2006; Genzel
et al., 2011) is proposed to produce a compact component of the massive compact
SB galaxies. Then, these massive compact SB galaxies can evolve to compact QGs.
Nevertheless, massive compact SB galaxies (M > 3 × 1010 ) are rare, particularly at
lower redshifts. Also, the majority of the SB galaxies are significantly large to shrink
their size in a short timescale. Our finding cannot support the idea that starbursts in a
wet merger of gas-rich disks, and subsequent quenching, are the dominant mechanism
of the formation of the massive, compact early-type galaxies observed at z ∼ 2.

4.6.2

Characteristics of the galaxies located below the MS

Based on our galaxy classification relative to the MS, we identify a large number
of the lowMS galaxies and show that most of them are SFGs based on their rest-frame
colors and sSFR. The lowMS galaxies have less SF activities but are not quenched
yet. We show that the rest-frame colors of the lowMS galaxies are intermediate
between red QGs and blue MS galaxies in Figure 4.6. The lowMS galaxies are more
spheroidal-like than the MS galaxies. The intermediate colors and morphologies of
the lowMS galaxies indicate that they are under transition from the MS galaxies to
the QGs as quenching their SF. The lowMS galaxies are seen to be similar to green
valley galaxies observed at z < 1 in that they have an intermediate color between red
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sequence and blue cloud. Schawinski et al. (2014) found that green valley galaxies
at 0.02 < z < 0.05 are located below the MS regardless of morphology and are in
the process of quenching. Also at z ∼ 1, Mendez et al. (2011) showed that green
valley galaxies are typically disk galaxies with high concentrations and major merger
is not dominant quenching mechanism in this population based on the analysis using
G, M20 and C (concentration). The existence of galaxies having intermediate colors
and/or morphologies at z ∼ 2 have been reported; Whitaker et al. (2012a) found that
galaxies below the MS are redder SFGs having lower sSFR and low-dust attenuation.
In a similar vain, Fang et al., in preparation classified “fading galaxies” located in the
SFG region of the UVJ diagram, but below the MS (∆logsSF R < −0.45dex), which
is a similar definition with our study. The “fading galaxies” have intermediate colors
and smaller radii as well as lower dust attenuation than normal SFGs, indicative of
a transition from SFGs to QGs as stopping SF due to the loss of their ISM. We also
find that the lowMS galaxies in our sample have the lowest E(B-V) on average, which
further supports that a lowMS galaxy is transforming to a QG as quenching its SF.

4.6.3

Star formation histories of different galaxy populations relative to
the MS

We study the relation between Σ1 and star formation histories (SFHs) in Figure 4.15. The histograms of the best-fit SFH (BF SFH) for compact (Σ1 > 9.5)
and non-compact galaxies (Σ1 < 9.5) represent that tau model (Tau) is the most
preferred SFH model regardless of compactness (hereafter, compact galaxies mean
galaxies having Σ1 > 9.5). We, interestingly, find that more compact galaxies tend to
be best-fitted with delayed SFH (Delay). Also, more compact red QGs are best-fitted
with Delay than Tau. It seems that Delay is preferable for compact galaxies. We
further study how different galaxy populations relative to the MS have different BF
SFHs in Figure 4.16. Most of the QGs and the lowMS galaxies have Delay or Tau at
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Figure 4.15: Histograms of the best-fit star formation histories for compact/non-compact
galaxies. Left: histograms of the best-fit star formation histories (BF SFHs) for compact
(solid line) and non-compact (dashed line) galaxies classified using Σ1 = 9.5. Histograms
with gray shades are for all galaxies. Right: histograms of the BF SFHs for compact
and non-compact galaxies among blue SFGs and red QGs. The relatively large fraction of
compact galaxies has the delayed SFH.

all stellar masses. Consistent with the result of the Figure 4.15, the compact QGs and
lowMS galaxies (solid lines) tend to have Delay SFH more than non-compact ones.
Although Tau is the favored SFH for the MS galaxies irrespective of their compactness, the fractions of the lowMS galaxies with increasing SFHs are larger than the
QGs or lowMS galaxies. For the SB galaxies, increasing SFHs (LinInc and CSF) are
dominant at all stellar masses. Our results demonstrate that galaxies have decreasing
SFHs as they depart from the MS losing their SF.

4.7

Discussion

With the carefully constrained MS, we find that the galaxies located in the different positions relative to the MS show distinct morphologies. Despite a clear evidence
of the correlation between galaxy morphology and star formation activity, it is still
uncertain that why this is the case. In the following section, We discuss the de-
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Figure 4.16: Histograms representing relative distribution of best-fit SFHs of QG, lowMS,
MS and SB galaxies in two stellar mass bins. Dashed and solid lines represent compact
(Σ1 > 9.5) and non-compact (Σ1 < 9.5) galaxies, respectively. Note that there is only one
massive galaxy having Σ1 < 9.5 among the QG galaxies. Thus, we mark this galaxy with
a star symbol.
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pendence of galaxy morphologies on the bending of the MS and then the possible
formation scenarios of massive, compact quiescent galaxies at z > 1 are investigated.

4.7.1

Does the MS slope depend on morphologies of galaxies?

In section 4.1, we clearly show a decrease in the MS slope for the galaxies more
massive than the turnover mass, M0 ∼ 1010.5 M at z > 1.2. The bending of the MS
implies that the massive galaxies are experiencing a decrease in SF, i.e. the massive
galaxies have lower sSFR than less massive galaxies. The reason of the MS bending
is quite uncertain. Lang et al. (2014) proposed that the bulge growth at high masses
leads to the departure of the MS slope from unity. On the other hand, Abramson
et al. (2014) showed that the MS slope is almost unity without a bending of the MS
in the local universe when Mdisk used, suggesting that including bulge components
might cause the bending of the MS at high masses since bulge does not significantly
contribute to SF. Recently, Schreiber et al. (2016) extended the study of Abramson
et al. (2014) out to z = 1 by measuring the slope of the SFR-Mdisk relation. However,
they found a flattening of the MS at high masses using Mdisk and concluded that the
secular growth of quiescent bulges in SFGs is not the main driver for the change in
the MS, at least at z = 1.
To test the relationship between the bulge growth and the bending of the MS at
high masses, we use the Sérsic index to identify disk-like and spheroid-like galaxies.
Sérsic index has been widely used to distinguish early-type quiescent galaxies with
n > 2.5 (Kajisawa et al., 2015) and late-type star-forming galaxies with n < 1.5
(Shibuya et al., 2015). We compute the fraction of spheroidal structures, simply
identified as SFGs having n > 2.5, as a function of stellar masses in Figure 4.17.
There is a slight increment of the fraction of n > 2.5 over stellar masses at z > 1.5. At
1.2 < z < 1.5, the fraction of n > 2.5 dramatically increases after M0 . However, this
is not sufficient to support the idea that the higher fraction of spheroidal structures
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Figure 4.17: Fraction of SFGs having Sérsic index (n) > 2.5 as a function of the stellar mass
for four redshift bins. The vertical dashed lines are M0 at four redshift bins with different
colors. Numbers of galaxies at the two highest mass bins are noted. For instance, at the
largest mass bin, two galaxies at 1.2 < z < 1.5 have n > 2.5 among total three galaxies,
while one among three galaxies have n > 2.5 at 2.8 < z < 4. We find a weak increment
of the fraction of the early-type galaxies (n > 2.5) at z > 1.5. But, at 1.2 < z < 1.5, the
fraction of n > 2.5 increase with stellar masses after M0 (blue line).

at high masses causes the MS bending because only two galaxies have n > 2.5 at the
largest mass bin.
We further study whether the break of the MS depends on morphologies in Figure 4.18. Here, SFGs are separated into galaxies having disky (n < 1.5), intermediate
(1.5 < n < 2.5), and spheroidal structures (n > 2.5). If the increase of spheroids
in a massive galaxy is a key driver for the flattening of the MS at high masses, the
MS slope measured only using early-type galaxies can show the curved MS, and it
should be different from the slope measured with late-type galaxies. However, we
find that the curved MS is evident for the galaxies having n < 1.5 and 1.5 < n < 2.5
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Figure 4.18: The MS of the star-forming galaxies having different Sérsic indexes. We classify
galaxies into three classes using n as n < 1.5 (green), 1.5 < n < 2.5 (blue) and n > 2.5
(red), then fit the MS of them separately. The vertical line represents M0 estimated for
each population, and β1 is the MS slope below M0 or the slope for the MS explained by
a single power-law. Note that there is no galaxy having M∗ > 1011 M at 1.5 < n < 2.5
and 2.8 < z < 4. The curved MS is clearly shown when we fit the MS with galaxies having
n < 1.5.
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out to z = 2.8, while the MS of the galaxies having n > 2.5 can be rather explained
with a single power-law, except for galaxies at 1.5 < z < 2. The late-type galaxies
(n < 1.5) have relatively steeper slopes (see β1 in the Figure 4.18) and higher SFRs
at a given stellar masses than the early-type galaxies (n > 2.5). But, the average
SFRs at the largest mass bin weakly depend on n, indicating that massive galaxies
have low SFRs regardless of their morphologies. Apparently, the MS does not depend
on galaxy morphologies based on Sérsic index. Whitaker et al. (2015) also reported
the weak dependence of the MS on n at z > 1, suggesting that bulges in massive
z ∼ 2 galaxies are actively building up and the stars in the bulges are relatively
younger than old bulges within SFGs at z < 1. Using the gas mass estimated by
stacking Herschel data, Schreiber et al. (2016) provided evidence that the low SFRs
in massive galaxies on the MS are caused by a slow downfall of the star formation
efficiency (SFE = SF R/Mgas ) at z < 2, not by a growth of bulges. Overall, we do
not find any evidence that including the galaxies having spheroidal structures causes
the curved MS. Rather, the massive galaxies have relatively low SFRs irrespective of
their morphologies. This suggests that the decrease in SF is driven by an internal
process that destroys gas reservoir, which is somehow dependent on the total mass of
the galaxy (i.e. AGN/SN feedback, gas exhaustion through star-formation).

4.7.2

Is star formation quenching related to the compactness of a galaxy?

Since the discovery of massive compact quiescent galaxies at z > 2, the formation
of compact QGs from larger SFGs is a big question and still controversial. SFGs
are required to shrink their size and create dense cores within short time scales to
become compact QGs observed at z > 2. In this regard, quantifying a compactness
of a galaxy has been suggested as a key to understanding the quenching mechanism
at early epoch (Bell et al., 2012; Cheung et al., 2012; Fang et al., 2013; Barro et
al., 2013, 2015). In the same vein, compact star-forming galaxies at high redshifts
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Figure 4.19: Σ1 vs. RSB with color-coded galaxy ages for M/M < 3 × 1010 (top) and
M/M > 3 × 1010 (bottom). Circle and star symbols represent SFGs and red QGs, respectively. Orange, green and blue lines are dividing galaxies into QG, lowMS, MS, and SB.
Black dotted horizontal line is Σ1 = 9.5. The galaxy is older as RSB decreases, but there is
no significant correlation between Σ1 and the galaxy age. On the other hand, we find that
the massive MS galaxies are older than the less massive MS galaxies.

153

have been studied as progenitors of compact quiescent galaxies at z > 2 because of
their structural similarity with quiescent galaxies and their number density evolution
(Barro et al., 2013, 2014; Patel et al., 2013; Willams et al., 2014; Williams et al., 2015;
van Dokkum et al., 2015; Zolotov et al., 2015). Furthermore, a detailed analysis of
selected compact SFGs using rest-frame UV (Williams et al., 2015) and optical spectra
(Nelson et al., 2014; Barro et al., 2014) confirm the evolutionary connection between
compact SFGs and QGs. In the SFR-M∗ diagram, those compact SFGs are known
to be located on (Barro et al., 2015) or slightly above (Willams et al., 2014) the MS,
suggesting that they are normal star-forming galaxies.
In Section 4.5.3, We find that the projected surface densities are best correlated
with RSB , i.e. the compactness of a galaxy correlates with a passivity of SF. Compact
MS and lowMS galaxies have similar structures with compact QGs on average (again,
compact galaxies mean galaxies with Σ1 > 9.5). Thus, star formation quenching
appears to be related to morphological transitions. In Figure 4.19, we investigate
the relation between Σ1 and galaxy ages in the SFR-M∗ plane. We find that the
galaxies are older as RSB decreases. Even though a relation between age and RSB
is less clear for massive galaxies (> 3 × 1010 M ), the massive QGs are shown to be
older than the massive MS galaxies. A notable aspect is a wide spread of Σ1 over the
ages of MS galaxies. If the quenching SF is followed by the compactness of a galaxy
(Barro et al., 2013; Zolotov et al., 2015), compact SFGs are expected to be older than
non-compact SFGs. However, we do not observe any relation between galaxy age and
Σ1 , indicating that compactness is not necessary for a galaxy to be quenched. Instead,
we find that the massive SFGs are older than the low mass galaxies (< 3 × 1010 M ).
This implies that massive galaxies quench SF faster and earlier than low mass galaxies
due to some mechanisms related to stellar masses or halo masses if the stellar mass
correlates with the halo mass.
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Figure 4.20: Age histograms of compact/non-compact galaxies. Left: Age histograms of
compact and non-compact galaxies determined by Σ1 . Solid and dashed lines represent
compact (Σ1 > 9.5) and non-compact (Σ1 < 9.5) galaxies, respectively. Right: Age histograms of UVJ selected blue SFGs and red QGs. Compact galaxies are relatively older
than non-compact galaxies for both blue SFGs and red QGs.

4.7.3

A transition population: massive, compact lowMS galaxies

In Figure 4.20, the age histograms for the compact and non-compact galaxies
classified with Σ1 = 9.5 show that the compact galaxies are relatively older than
non-compact galaxies in both red QGs and blue SFGs. To explore this in detail, we
investigate the relative distributions of galaxy ages of the QG, lowMS, MS and SB
galaxies in Figure 4.21. As shown in Figure 4.19, the gap between ages of compact
and non-compact galaxies is overall insignificant. Ages of the massive, compact galaxies are similar to ones of the massive, non-compact MS galaxies (Hereafter, massive
galaxies means galaxies M∗ > 3 × 1010 M ). The mean ages of massive, compact and
non-compact MS galaxies are 0.89 and 0.83 Gyr, respectively. If massive, compact
MS galaxies are transforming to massive QGs, they are expected to be older than
non-compact MS galaxies. We rather find that massive, compact lowMS galaxies are
older than massive, non-compact lowMS galaxies, and the mean ages of the massive,
compact and non-compact lowMS galaxies are 1.02 and 0.71 Gyr, respectively. This
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Figure 4.21: The relative age distributions of QG, lowMS, MS and SB galaxies in two stellar
mass bins. Plain and shaded histograms represent compact (Σ1 > 9.5) and non-compact
(Σ1 < 9.5) galaxies, respectively. Note that there is only one massive galaxy having Σ1 < 9.5
among QG galaxies, which is marked with a star symbol. Vertical lines stand for ages
of compact (solid line) and non-compact (dashed line) galaxies for each population. On
average, the QGs are the oldest, while the SB galaxies are the youngest. Massive, compact
lowMS galaxies are older than the massive, non-compact lowMS and compact/non-compact
MS galaxies.
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indicates that massive, compact lowMS galaxies quench earlier and have more evolved
stellar structures than massive, non-compact lowMS and compact MS galaxies. This
result is consistent with a recent paper by Williams et al. (2015) suggesting that their
progenitors of compact QGs at z > 3 quench sooner than normal SFGs because the
progenitors show evolved SF activities in their rest-frame UV spectra. In conclusion, the massive, compact lowMS galaxies can be candidate progenitors of massive,
compact quiescent galaxies in that they are old and compact morphologies.

4.7.4

Is the slow track quenching responsible for quenching of star formation?

Slow-track quenching describes the passive fading of disk galaxies. As they exhaust
their gas, the disks gradually fade, and the bulges become prominent. At low redshift,
Fang et al. (2013) found that the bulges become more pronounced and the disks fade
away when galaxies evolve from blue to red, and suggested that slow track quenching
is the effective quenching process. Motivated from this, we test fading of disks at
2 < z < 2.8. We decide to target galaxies at 2 < z < 2.8 because the number of
massive, compact galaxies drop at lower redshifts. The massive compact galaxies
(M∗ > 3 × 1010 M ) on, above, and below the MS and the massive non-compact MS
galaxies (normal MS) are stacked to increase the S/N in the outer parts of the light
profiles. We, in turn, plot the differences of surface brightness (∆µ) between compact
(SB, MS, and lowMS, QG) galaxies and normal MS galaxies in Figure 4.22. ∆µ
increase rapidly for the massive, compact QG and lowMS galaxies, indicating that
they lose their lights faster than the normal MS galaxies. The stacks of the lowMS
galaxies have an almost identical light profile (n = 4.59, Re =0.16 arcsec) to those of
the QGs having n=4.06 and Re =0.18 arcsec. If the disk fading is responsible for a
dense core of the massive, compact QG and lowMS galaxies, we could observe the
remnants of disks around the core of stacks. However, we do not find any evidence
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of the dead disks left in the outer regions of the compact QG/lowMS galaxies. This
implies that the massive, compact QG/lowMS galaxies are not faded MS galaxies.
Rather, the massive, compact MS galaxies are likely to have some diffuse stellar
components around the dense core (n = 2.12). It is not sufficient to claim that
massive, compact MS galaxies are faded MS galaxies because the massive compact
MS galaxies are not more evolved populations than the non-compact MS galaxies
(seen in Figure 4.21). It might be the case that the disk fading (slow track quenching)
is just less efficient at high redshifts because there is not enough time for slow fading
to occur or that the fast quenching is dominant at high redshifts because the higher
gas fractions at early time invoke more energetic events, causing a rapid quenching
of SF.

4.7.5

Is the major merger-driven process a dominant quenching mechanism?

In simulations, gas-rich mergers can produce compact starbursts through dissipation of gas to the centers of galaxies, but there is difficulty in matching them with
the observed compact galaxies because the simulated gas-rich merger remnants have
extended stellar halos from the pre-existing stellar populations (Hopkins et al., 2008;
Wuyts et al., 2010). In contrast to these studies, we do not find any extended stellar
structures around the dense core of both the compact QGs and lowMS galaxies from
the stacks of the observed light profiles. This result is in agreement with Willams
et al. (2014) showing that the pre-existing diffuse component, the characteristic of
simulated gas-rich merger remnants, is not observed in both individual Sérsic fits
and stacks of compact ETGs and the candidates of a progenitor of compact ETGs
at z ∼ 3. In addition, the massive, compact SB galaxies, known to be formed via
gas-rich major merging (Sargent et al., 2014), have a shallow light profile (n=0.93)
and large Re on average. It is, therefore, unlikely that they evolve to compact qui-
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Figure 4.22: Ratio of the average light profiles of massive compact (SB, MS, lowMS and
QG) galaxies to that of massive, non-compact MS galaxies (normal MS) at 2 < z < 2.8. 26
compact QG, 29 compact lowMS, 99 compact MS, 7 compact SB galaxies, and 52 normal
MS are stacked to increase S/N in the outer parts of the light profiles. Vertical lines with
different colors stand for the half-light radii (Re ) of stacks of compact QG (red), lowMS
(green), MS (blue) and SB (orange). The massive, compact QG/lowMS galaxies have very
similar light profiles and they lose their light faster than the normal MS, indicating that
massive, compact QG/lowMS galaxies are not faded MS galaxies.

escent galaxies having very steep light profiles (van Dokkum et al., 2008; Cassata et
al., 2011, 2013). Our results do not support the scenario that major merger-driven
process is the dominant route to form massive, compact quiescent galaxies.

4.7.6

Possible evolutionary tracks of galaxies in the SFR-M∗

At 1.2 < z < 4, we find that galaxies become denser and smaller having steeper
light profiles, as they move away from the MS, i.e. losing their SF. We did not find
any evidence of faded disks surrounding the dense core of massive, compact QGs at
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z > 2. Those compact QGs may not be formed directly from SFGs located on the
MS through simple disk fading as the SF is quenched.
Wellons et al. (2015) tracked the assembly histories of compact quiescent galaxies
at z = 2 in the Illustris simulation, and found that there are two dominant mechanisms of formation of compact quiescent galaxies: 1) intense, compact starbursts
mostly found in gas-rich major mergers between z ∼ 2 − 4, 2) the compact galaxies
just formed at very early epoch who remain their morphologies until z ∼ 2. Based
on our observations, the first mechanism cannot be supported. The starbursts in our
sample show the most diffused structures at a given mass, challenging gas-rich merging as a primary dissipative mechanism assembling very compact, massive galaxies.
Instead, we suggest that compact galaxies simply assemble at very early times when
the universe was denser, and evolve through in-situ star formation while keeping their
compact morphologies (Willams et al., 2014).
In place of significant merging events, accretion of cold gas from the intergalactic
medium (Birnboim & Dekel, 2003; Keres et al., 2005; Dekel & Birnboim, 2006) can
lead to formation of massive, compact galaxies, either via VDI in a compact disk
(Dekel et al., 2009b; Genzel et al., 2011) or via direct cold mode accretion of the gas
traveling into the galaxy center and forming stars in-situ (Johansson et al., 2012).
According to their remaining SF, some compact galaxies remain on the MS. More
evolved (aging) compact SFGS move away from the MS and are located below the MS.
Subsequently, quenching of SF rapidly takes place by stellar feedbacks from high starformation itself (Diamond-Stanic et al., 2012), by stellar winds (Rupke et al., 2005;
Heckman et al., 2011), and by both supernova ram pressure and radiation pressure
on dust grains (Murray et al., 2005), to become massive, compact QGs observed at
z > 1. Some of these QGs continuously grow their size inside-out (van Dokkum et
al., 2010) by minor mergers and become larger early-type quiescent galaxies found
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today. Meanwhile, some extended SFGs evolve to QGs over several Gyrs following
the slow track quenching.

4.8

Chapter Summary

We present distinct morphologies of galaxies located on the different positions
relative to the MS in the SFR-M∗ diagram at 1.2 < z < 4. To constrain the MS more
accurately, we measure the galaxy properties (stellar mass, age, SFR) by applying
the best-fit SFHs (BF SFH) for each galaxy among linearly increasing and constant
SFHs, delayed, tau, and inverted tau models. In Chapter 3, we confirm that the BF
SFH is better to measure galaxy properties than one analytic SFH, such as commonly
used tau model, for all galaxy types. Using the properties estimated by applying the
BF SFHs, we find the followings:
1. At z < 2.8, the MS observed in this study is tight with a constant dispersion
as about 0.37dex, and the slope is curved at the turnover mass, M0 , which is
mildly increases from 1010.6 to 1011.5 M with redshifts. Below M0 , the MS slope
is about 0.8-0.9, and the slope becomes flattened above the turnover mass. The
MS of galaxies at 2.8 < z < 4 is rather explained by a single power-law, with the
slope ∼ 0.8, and the dispersion of the MS is higher than one for lower redshifts.
With the carefully measured MS, we classify galaxies into four populations based
on their positions in the SFR-M∗ plane, using RSB : the SB galaxies 1-σ above
the MS, SFGs on the MS, lowMS galaxies located 1-σ below the MS, and the
quiescent galaxies (QGs).
2. The flattening of the MS at high masses persists even when we examine only
the disk-dominated galaxies (having n < 1.5). At all redshifts, we find no
significant difference in the MS slopes between the spheroid-dominated (n > 2.5)
and disk-dominated (n < 1.5) galaxies. Furthermore, for the galaxies on the
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MS, we find that the average SFR for the highest mass bin weakly depends on
Sérisc index, indicating that massive galaxies have low SFRs regardless of their
morphologies. We suggest that the decrease in SFR at high masses, e.g. star
formation quenching, is not driven by the bulge growth, but it is the result of
internal processes related to the stellar masses.
3. Through an extensive analysis on galaxy morphologies with parametric (Sérsic
index, half-light radius) and non-parametric measures (G, M20), as well as
the projected surface densities (Σ50 , Σ1 ), we find that galaxy morphologies are
closely correlated with RSB , and that the four galaxy populations in the SFR-M∗
plane have distinct morphologies. In particular, Σ1 and Σ50 are best correlated
with RSB . On average, the galaxies have shallower light profiles, larger sizes,
and diffuse structures as RSB increases, i.e. the QGs are the smallest and most
compact.
4. We find that the SB galaxies are the largest, least dense, and have shallow light
profiles. In our sample, the massive, compact SB galaxies (M∗ /M > 3 × 1010 )
are rare and essentially do not exist at lower redshifts. The extended structures
of the SB galaxies demonstrate that starbursts, found in wet mergers of gas-rich
disks, cannot assemble compact quiescent galaxies observed at z ∼ 2.
5. There are a significant number of lowMS galaxies. These galaxies have intermediate rest-frame colors between MS galaxies and QGs, and have smaller Re and
G, larger n, M20 and Σ1 than MS galaxies on average. The massive, compact
lowMS galaxies (having Σ1 > 109.5 M /kpc2 ) have very similar structures with
massive, compact QGs and they are older than massive non-compact lowMS and
compact MS galaxies at the same mass. Our findings imply that the lowMS
galaxies are transitional between the MS galaxies and QGs. In particular, the
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massive, compact lowMS galaxies are suggested as candidates of a progenitor
of massive, compact QGs.
6. We show that there is no relation between galaxy age and Σ1 of SFGs, but that
massive SFGs are older than less massive galaxies. The compactness might not
be necessary for a galaxy to be quenched, while quenching of SF is somewhat
related to stellar masses (i.e. mass quenching).
7. Massive, compact QG/lowMS galaxies do not show any faded disks onto the outskirts of galaxies from the stacks of light profiles of massive, compact galaxies at
z ∼ 2.5, indicating that fading of disks is ineffective at high redshifts. The lack
of the extended stellar components outside of the very compact core of compact
QGs also suggests that they are not evolved through the merger-driven processes. Based on our empirical studies on morphologies of the galaxies located
in the various positions relative to the MS, we conclude that compact galaxies
simply assemble at very early times and evolve through in situ star formation
to form compact quiescent galaxies without significant merging events.
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CHAPTER 5
CONCLUDING REMAKRS

In this dissertation, I aim to answer key questions in galaxy formation and evolution at the peak epoch of star formation activities, z ∼ 1 − 3: How are the morphologies correlated with the physical properties of various galaxies? What physical
processes underlie these correlations? What are the intrinsic properties of galaxies
located in the different positions in the SFR-M∗ diagram? And what distinguish
them evolutionarily? The analysis presented in this thesis sheds some light on these
questions through investigations on the relation between galaxy morphologies and
physical properties. In this chapter, I summarize the results presented in this thesis
and then discuss how our results are connected to galaxy evolution and formation
at z > 1. To conclude this section, I outline my future work that may improve our
understandings in galaxy formation and evolution.

5.1

Summary

In Chapter 2, we explore general trends between galaxy morphology and broad–
band spectral types at 1.4 ≤ z < 2.5. We investigate the rest-frame optical and
ultraviolet (UV) morphologies using five non-parametric approaches, mainly G, M20 ,
and Ψ in addition to C and A, and two model-dependent parameters obtained by
fitting Sérsic profiles, namely n and Re . Our morphological analysis using various
diagnostics shows that galaxies with different spectral types are distinctly classified
as two populations, star-forming galaxies with mixed features including bulges, disks,
and irregular (or clumpy) structures and passive galaxies having spheroidal-like com164

Figure 5.1: The illustration represents the evolution of the Hubble Sequence from z ∼ 2 (11
billion years ago), z ∼ 1 (4 billion years ago), to the Local Universe. Images of galaxies at
z ∼ 2 are from Lee et al. (2013) (Chapter 2) using the HST/CANDELS observation. The
illustration taken from the ESA/Hubble press release based on Lee et al. (2013).

pact structures. This study expands the significance and scope of previous studies
which are based on much smaller samples and only massive galaxies at the same
epoch (Kriek et al., 2009; Cameron et al., 2011; Szomoru et al., 2011; Wang et al.,
2012). We find that, at z ∼ 2, the passive galaxies look similar to local passive ones
although smaller, while star-forming galaxies show considerably more morphological
diversity than massive star-forming galaxies on the Hubble sequence today. The correlation between morphology and broad–band UV/Optical spectral types of the mix
of relatively massive galaxies (i.e. M > 109 M ) at z ∼ 2 are quantitatively and
qualitatively similar to those observed for their counterparts in the local Universe.
We interpret these results as evidence that the backbone of the Hubble Sequence
observed today was already in place at z ∼ 2, as shown in Figure 5.1.
The star formation rate density has a peak at z = 1 − 3, which is very likely the
epoch when the Hubble sequence formed. This peak is mainly due to the galaxies
with high star formation rate, but a number of studies have reported the emergence
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of massive and compact quiescent galaxies by z ∼ 2−3 (Cimatti et al., 2004; Daddi et
al., 2005; van Dokkum et al., 2008; Cassata et al., 2010). It is puzzling to understand
the formation of such compact quiescent galaxies from larger star-forming galaxies
within a very short timescale. To solve the question in the formation of massive,
compact quiescent galaxies at z > 1, and to understand further physics behind the
relation between galaxy morphology and star formation activity, we extend our previous analysis of galaxies at z > 1 in the star formation rate (SFR)- stellar mass (M∗ )
diagram with CANDELS Deep survey in the GOODS-S and -N fields. A tight correlation between SFR and M∗ indicates that star formation rates gradually increase
over time (Noeske et al., 2007). Nevertheless, an exponentially decreasing star formation history (tau model) is most commonly used for remote star-forming galaxies.
Motivated from this, we investigate galaxy properties obtained from SpeedyMC, a
spectral energy distribution (SED) fitting code using a Markov Chain Monte Carlo
(MCMC) technique based on Bayesian statistics, adopting five analytic star formation history (SFH) models in Chapter 3. We show that estimates of galaxy ages and
SFRs are significantly sensitive to the choice of SFHs, but the stellar mass is completely independent of an assumption of the SFHs. We also find that the commonly
used tau model can lead to wrong estimations, especially for star-forming galaxies
at z > 1. As an attempt to provide an alternative solution of the real SFH, we
present the best-fit SFH (BF SFH) for each galaxy by minimizing reduced χ2 values
obtained from SpeedyMC. We find out that galaxies at z > 3 or having large sizes
are best-fitted with linearly increasing or constant SFHs, while massive galaxies with
compact morphologies tend to have decreasing SFHs, indicating that star formation
of them is quenching or already quenched. Lastly, we show that there is a close relation between different BF SFHs and the star formation main sequence, implying
that different SFHs results in significantly different conclusions on the MS. The basic
conclusion of this study is that using one SFH for all types of galaxies should be
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avoided, and finding the BF SFH for each galaxy is more appropriate way to measure
accurate galaxy properties, particularly at z > 1.
In Chapter 4, based on our extensive analysis of SFR and M∗ estimates using the
improved SED fitting procedure, we have made characterizations of the MS and its
evolution between 1.2 < z < 4. We show that the MS slope cannot be explained with
a single power-law, and there is a break of the MS at log(M∗ ) >
∼ 10.5. We also find
that the break exists even when restricting the MS to galaxies with n < 1.5, suggesting
that the turnover of the MS is not due to bulge growth, but rather due to the disk
quenching in massive galaxies. In the SFR-M∗ diagram, galaxies can be separated
into four different populations relative to the MS: starbursts exceeding three times
the slope of the MS at a given stellar mass (SB), normal star-forming galaxies on
the tight MS (MS), galaxies located below three times the slope of the MS (lowMS),
and quiescent galaxies which lie on the bottom of the plane (QGs). We, for the
first time, show that distinct morphological differences (particularly with projected
mass densities) are observed among different galaxy populations. On average, as
star formation activities decrease, galaxies become denser and smaller having steeper
light profiles at all explored redshifts. We identify a significant number of the lowMS
galaxies having intermediate rest-frame colors and morphologies between the QGs and
MS galaxies. In particular, among the lowMS galaxies with M∗ > 3 × 1010 M , most
of them are compact (Σ1 > 109.5 M∗ /kpc2 ) with morphologies similar to massive,
compact quiescent galaxies. These galaxies are systematically older than the less
compact lowMS galaxies at same stellar masses and are identified as the progenitor of
massive, compact quiescent galaxies. We will discuss the further investigation of the
lowMS galaxies in Section 5.2. We also find that there is no notable relation between
galaxy age and compact morphologies, while massive star-forming galaxies are older
than less massive ones, suggesting that quenching star formation is somehow related
to stellar masses, not compactness of a galaxy. Furthermore, the lack of extended
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stellar components in excess of the very dense core of the compact QGs indicates that
the massive, compact QGs are not evolved from the merger-driven processes.
Despite clear correlation between star formation and morphology, it is still uncertain what physical process drives this correlation. Our results demonstrate that
diverse spectral types of galaxies having different morphologies are related to the evolution of galaxies at z > 1. As galaxies moving away from the MS, i.e. losing their
star formation, their average morphologies become compact. But, quenching star
formation does not require compact morphologies, while it is suggested to be driven
by an internal process related to stellar masses. Based on our empirical study of
morphologies of galaxies, we conclude that compact galaxies are simply assembled at
very early times and evolve through in situ star formation to form compact quiescent
galaxies. Without significant merging events, a direct accretion of cold gas can drive
the formation of massive, compact galaxies, either via violent disk instabilities in a
compact disk or direct cold mode accretion of the gas traveling into the galaxy center
and forming stars in-situ.

5.2

Future Work: a further study of the transition population at z > 1

In the local Universe, green valley galaxies were identified based on their intermediate colors between the red sequence and blue cloud (Bell et al., 2004; Wyder et
al., 2007; Martin et al., 2007). Martin et al. (2007) demonstrated that the recent star
formation history of green valley galaxies and their quenching time scales are consistent with the build-up of the red sequence between the epoch z ∼ 1 and 0. Using
visual classification from Galaxy Zoo, Schawinski et al. (2014) confirmed that green
valley galaxies at 0.02 < z < 0.05 are located below the main sequence regardless of
morphology and that they are in the process of quenching. At z ∼ 1, Mendez et al.
(2011) studied morphologies of green valley galaxies based on the analysis using non-
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parametric measures such as G, M20 , and C (concentration) and found that green
valley galaxies are typically disk galaxies with compact bulges in their centers. The
classical green valley is established as a transition population evolving from the red
sequence to blue cloud. Therefore, a study of those transition population at higher
redshifts can have major implications to follow the evolutionary track of galaxies at
z > 1. However, the green valley galaxies are limited out to z ∼ 1 because it is hard
to identify those populations cleanly at z > 1, where the majority of galaxies are actively forming stars. Moreover, the relatively poor quality of available spectroscopic
and photometric data make it difficult to study the transition population at z > 1.
In Chapter 4, we identify galaxies located about one σ below the MS (lowMS),
which has little star-forming activity, but does not fully quench star formation yet,
at 1.2 < z < 4. Based on the intermediate rest-frame colors and morphologies
of the lowMS galaxies, we suggest that they are a transition population between
normal star-forming galaxies and quiescent galaxies. Our morphological analysis of
the lowMS galaxies is consistent with other works (Fang et al., and Pandya et al.,
in preparation). They also classify a transition population relative to the MS out to
z ∼ 3 using CANDELS observation and investigate morphologies using Sérsic index,
half-light radius, and projected mass densities. Our analysis of the lowMS galaxies is
robust in terms of the use of more morphological diagnostics including non-parametric
measures and the improved measurement of the MS with the advanced SED fitting
technique adopting the best-fit star formation histories for individual galaxies.
The lowMS galaxies identified in the SFR-M∗ diagram appear to form an evolutionary bridge between star-forming galaxies and quiescent galaxies at z > 1. Then,
how is star formation (SF) quenched over time? There are two possible scenarios:
compactification and the progenitor effect. Compactification is that galaxies first
transform their morphologies by increasing their central density through a dissipative
process, such as violent disk instabilities, and then quench their SF due to some feed-
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back associated with the dissipative process. In contrast, the progenitor effect does
not require compact galaxy morphologies. Compact galaxies form at early epochs
when all galaxies were smaller, and simply stop growing and quench SF without
morphological changes. The characteristics of the massive, compact lowMS galaxies
presented in this thesis are of interest in this regard. As candidates for the progenitors of massive compact quiescent galaxies, the compact star-forming galaxies at
z > 2 have been widely studied using photometric and spectroscopic analyses (Barro
et al., 2013; Willams et al., 2014). However, previous studies mostly focused on starforming galaxies on and/or above the main sequence, and selecting those candidates
has proven to be very problematic due to the contaminations from dusty starbursts.
Therefore, studies of the massive, compact lowMS galaxies as progenitors of massive,
compact quiescent galaxies at z ∼ 2 can be a great help to figure out their quenching
mechanism.
However, to make a concrete statement about the transition population at z > 1,
further analysis is required. In this thesis, we only focus on the average trends of
the lowMS galaxies rather than their diverse galaxy properties. Therefore, in future,
we will study the properties of individual lowMS galaxies. Among lowMS galaxies,
there are certainly disky quenching galaxies or spheroidal (compact) star-forming
galaxies, which have different histories. Moreover, atypical galaxies among the MS
or QG galaxies might live in the tails of their populations and be related to the transition population (Vulcani et al., 2015; Brennan et al., 2015). By narrowing down
galaxy samples with finer stellar mass and redshift bins, their morphologies will be
investigated in detail using various diagnostics, including bulge-disk decompositions,
to understand why they are differentiated. Most importantly, in order to learn the
intrinsic properties of the lowMS galaxies, spectroscopic studies are necessary. Currently, we rely on age estimations obtained from SED fitting which is not reliable
due to degeneracies and uncertainties as mentioned in Chapter 3. We aim to use
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NIR and optical spectra (rest-frame optical and UV) to estimate properties of stellar
populations of lowMS galaxies. In particular, stellar ages and metallicities, measured
respectively from Balmer and metal absorption lines, are key parameters confirming
whether the lowMS galaxies are the transition population experiencing the quenching
process because quiescent galaxies are found to have high metallicities and old ages
at z ∼ 2 (Whitaker et al., 2013).
The robust selection of the lowMS galaxies in this thesis enables us to investigate
the transition population further. Our selection can be very beneficial to identify
the transient galaxy at very early epoch (z > 5) with upcoming large programs
such as Spitzer/HETDEX Exploratory Large-Area (SHELA) Survey, James Webb
Space Telescope (JWST), and Wide Field Infrared Survey Telescope (WFIRST).
The probability of observing the transient galaxy will be higher than observing the
quiescent galaxy at this early epoch. The transient galaxy at the earliest possible
epoch to observe will provide a crucial clue to figure out what causes star formation
in a galaxy to decline. Our future work will certainly improve our understanding of
galaxy formation and evolution.
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APPENDIX: ROBUSTNESS OF MORPHOLOGICAL
PARAMETER ESTIMATIONS

The reliability of model-independent parameters has been tested and discussed by
many previous studies (Lotz et al., 2006; Lisker, 2008; Andrae et al., 2011; Law et al.,
2012). These parameters are robust for large bright sources (with high signal-to-noise
ratio) in general, but it can be unreliable for small faint sources. In particular, the G
value is very sensitive to the signal-to-noise ratio (Lotz et al., 2004; Lisker, 2008). Our
galaxy sample goes to deeper ( H < 26) and to lower stellar mass limits (∼ 109 M )
than other works studying morphologies at z ∼ 2 (Kriek et al., 2009; Szomoru et al.,
2011; Wang et al., 2012). Therefore, it is crucial to understand how noise and other
limitations affect parameters we use in this study. We test the dependence of the
parameters, G, M20 and Ψ, on the signal-to-noise ratio, i.e., the depth of an image.
HST/UDF WFC3 imaging data, which differ only in exposure time from GOODS-S
data, can be an ideal comparison dataset for investigating the effect of the different
image depth on these parameters.
Lisker (2008) tested the dependence of signal-to-noise on G and M20 in the UDF,
and GOODS-S using i-band images. We extend the previous study using H-band images in the GOODS-S obtained from HST/WFC3. The UDF and shallower GOODS-S
F160W (H-band) data (both with 60mas pixel scales) are used. We select 959 sources
in the UDF image using GOODS-S source catalog, and then estimate ap from the
GOODS-S H-band image, and use it to measure the parameters for both the UDF
and GOODS-S images. The final sample is 520 objects which have stellarity ≤ 0.8,
after excluding the sources for which the number of pixels within ap is less than 28
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Figure 5.2: G vs. logarithmic signal-to-noise per pixel for the same galaxies imaged with
differing image depths in UDF (blue) and GOODS-S (red). Bottom left: we have shifted
G values in UDF with a median of differences, (G[GOODS] − G[U DF ]) = −0.03. Bottom
right: log(S/N per pixel) vs. the difference in G between GOODS and UDF. The green
dashed line at log(S/N per pixel)=2.5 indicates the signal-to-noise limit for robust measures
discussed in the text.

(same exclusion with Lisker, 2008). Signal-to-noise ratio per pixel (S/Npp ) is defined
as
S/Npp

Npix
1 X
fi texp
p
=
Npix i
rmsi texp + fi texp

(5.1)

where Npix is the total number of pixels within ap and texp is the total image exposure
time. fi and rmsi are the pixel values in the drizzled image and the rms image,
respectively. The strong dependence of G, M20 , and Ψ on the S/Npp are shown
in Figure 5.2 and 5.3, respectively. The two top panels in Figure 5.2 present how
values of G vary with S/Npp in the GOODS-S (red circles) and UDF (blue circles).
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Obviously, the UDF has higher S/Npp (difference of depth is about 1.8 mag), but the
overall trend of G looks similar to that for GOODS-S. In the bottom left panel, G
obtained from two fields overlap almost exactly when we move the G of the UDF
to the median difference (-0.03). However, the G measured with different exposure
times is dependent on S/Npp as shown in the bottom right panel. The difference in G
between the UDF and GOODS-S decreases as S/Npp increases. In Figure 5.3, M20 and
Ψ follow the same trend and distribution with G and have the median differences as
about 0.01 and 0.11, respectively. Consequently, the model-independent parameters
are influenced by the signal-to-noise ratio, but the difference measured between two
fields with different exposure times are less significant than Lisker (2008). Lotz et
al. (2004) found that G and M20 are reliable for galaxy images with S/Npp >
∼ 2.5
(vertical dashed line on the bottom right panel in each figure). Given this threshold,
we investigate how this affect our results by measuring the S/Npp of each galaxy.
We find out over 90% of BzK sample and 70% of SED sample having S/Npp ≥ 2.5.
In our sample, galaxies with S/Npp < 2.5 include some faint star-forming galaxies
and passive galaxies with low G. Repeating our analysis after excluding these faint
objects does not change the results. Therefore, we demonstrate that the results
obtained using non-parametric measures do not suffer from the S/N effect.
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Figure 5.3: Same plots in Figure 5.2, but for M20 (top) and Ψ(bottom). In the bottom left
panel of each plot, M20 values in UDF is shifted with a median of differences in two fields,
0.01, and Ψ in UDF is shifted with a median of differences in two fields, 0.11.
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van der Wel, A. and Bell, E. F. and Häussler, B. et al. 2012, ApJS, 230, 24
Van Dokkum, P. G., Franx, M., Kriek, M. et al. 2008, ApJ, 677, L5
van Dokkum, P. G., Whitaker, K. E., Brammer, G., Franx, M., Kriek, M, Labbé, I.,
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